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The  experimental  researches  condensed  in  this  book  by  no  means 
the  whole  subject.  However  they  constitute  a  systematic  effort  to  pave  the 
way  so  that  it  will  eventually  be  possible  to  tackle  the  still  mj-steiious 
problems  of  immunity  by  means  of  physico-chemical  and  physical  methods. 
The  epoch-making  work  of  the  late  Karl  Landsteiner,  of  Oswald  Avery 
and  of  their  collaborators,  has  opened  the  door  to  a  chemical  approach  of  the 
subject.  So  far,  little  has  been  done  in  the  field  of  physical  chemistry, 
which  remains  practically  unexplored. 

A  certain  number  of  new  facts  will  be  described.  They  throw  some  light 
on  the  fundamental  problems  relating  to  the  mechanism  of  immunological 
reactions.  They  have  transported  these  problems  into  a  different  region  of 
science,  where  accurate  measurements  are  possible.  They  have  disclosed 
new  problems,  as  yet  unsolved.  They  have  demonstrated  that  a  systematic 
study  of  the  serum,  based  on  sound  working  hypotheses,  wTas  capable  of 
revealing  an  important  number  of  unknown  phenomena.  Each  of  these 
new  facts  can  be  considered  as  a  starting  point  for  other  researches  in  the 
same  direction,  or  in  a  direction  more  specifically  chemical.  The  author 
does  not  claim  that  he  has  supplied  all  the  answers,  but  hopes  that  he  has 
succeeded  in  demonstrating  that,  by  refining  old  techniques,  or  creating 
new  ones  and  by  confronting  the  results  critically,  it  is  possible  to  open  up 
unsuspected  fields  of  research. 

All  biological  and  medical  problems  involve  phenomena  of  a  physico¬ 
chemical  nature  which,  until  now,  have  often  been  neglected.  The  num- 
bei  of  facts  unearthed  in  the  past  twenty  years  has  been  so  great  that  there 
has  been  no  time  to  study  them  thoroughly  one  by  one.  Laboratories  were 
not  only  short  of  time,  but  of  men.  These  problems,  as  soon  as  they  were 
stated,  should  have  been  taken  over  by  pure  physico-chemists.  Had  this 
been  done,  the  ground  would  have  been  progressively  consolidated  through 
this  ideal  cooperation,  without  which  continuous  progress  is  impossible. 

We  are  faced  today  by  an  enormous  mass  of  observations,  more  or  less 
accurate,  piled  up  in  disorder  and  frequently  disconnected.  It  will  take  a 
ong  time  to  establish  a  relation  between  all  these  elements,  but  the  longer 
we  wait,  the  harder  the  task  will  be.  In  order  to  accomplish  this,  it  seems 
hat  some  kind  of  centralizing  organization  would  be  required,  similar  to 
the  clearing-houses  in  the  world  of  finance,  where  sorting  and  tentative 
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classification  could  be  done.  But  the  distribution  of  the  work  would  un¬ 
doubtedly  raise  new  difficulties,  hard  to  overcome.1 

For  want  of  a  broadly  conceived  and  comprehensive  plan,  and  for  lack 
of  a  material  organization  aimed  at  the  purely  scientific  approach  to  these 
problems,  the  basic  mechanisms  of  immunity,  and  of  many  other  questions, 
will  remain  obscure  for  a  long  time  to  come,  not  so  much  on  account  of  our 
ignorance  as  on  account  of  the  dispersion  of  competent  efforts,  of  the  absence 
of  coordination  and  of  efficient  cooperation  between  the  various  scientific 
disciplines. 

The  writer  has  attempted  to  interpret  some  of  the  new  facts  brought  to 
light  by  means  of  a  hypothesis  concerning  the  structure  and  the  behavior 
of  the  complex  lipido-proteinic  “molecule”  of  serum.  He  is  aware  of  the 
fact  that  this  conception  does  not  always  tally  with  the  ideas  propounded 
by  other  specialists.  As  these  theories  were  evolved  before  the  new 
phenomena  were  disclosed,  he  feels  that  he  was  entitled  to  propose,  ten¬ 
tatively,  a  working  hypothesis  which  seems  to  explain  satisfactorily  the 
behavior  of  serum  as  a  function  of  temperature.  This  hypothesis  proved 
to  be  useful  in  planning  further  experiments  which  resulted  in  the  discovery 
of  more  unknown  phenomena.  It  has,  therefore,  been  satisfactory  and  con¬ 
structive,  and  this  is,  momentarily,  the  only  claim  which  the  writer  wishes 
to  make  in  its  behalf. 

Lecomte  du  Nouy 


New  York,  N.  Y. 
April,  1945 


1  A  very  interesting  paper  was  recently  published  in  “Science”  by  Dr.  Joseph  Brozek 
and  Professor  Ancel  Keys  (December  8,  1944),  under  the  title  "General  aspect  of  inter¬ 
disciplinary  research  in  experimental  human  biology.”  Although  dealing  with  the  specific 
problem  of  human  biology,  the  authors  insist  on  the  necessity  of  what  they  aptly  term 
“ interdisciplinary  research.” 
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Chapter  1 
Introduction 


Blood  collected  from  the  arteries  or  veins  of  a  living  animal  coagulates 
into  a  gel.  This  coagulum  with  a  fibrin  base,  contracts,  imprisons  the  red 
and  white  cells  and  exudes  a  yellow  liquid  which  constitutes  the  serum.  As 
the  fibrin  remains  in  the  clot,  the  serum  admittedly  represents  the  total 
blood,  minus  the  fibrin  and  figured  elements.  Plasma  is  differentiated  from 
serum  because  it  contains  fibrin,  or  more  exactly  fibrinogen  which  is  trans¬ 
formed  into  fibrin  during  coagulation. 

Numerous  works  have  been  published  on  the  physical  and  physico¬ 
chemical  properties  of  serum.  About  1,321  papers  and  works  are  cited  in 
the  Brocq-Rousseu  and  Roussel1  bibliography  which  is  now  ten  years  old. 
The  chemical  papers  can  be  counted  by  the  thousands. 

These  works,  with  few  exceptions,  do  not  lead  to  important  results 
outside  of  the  statistical  information  obtained  and  the  doubtful  interest  of 
possessing  an  immense  amount  of  numerical  data  corresponding  to  the 
physical  properties  of  a  biological  liquid,  the  so-called  “normal”  serum 


which,  in  reality,  is  non-existent.  Until  1923,  only  a  small  number  of  workers, 
among  whom  were  Ascoli,  Izara,  Zunz  and  Vies,  conducted  systematic  exper¬ 
iments  crowned  with  success,  but  in  which  the  properties  of  serum  were 
considered  more  as  the  expression  of  a  physiological  or  pathological  state 
than  as  a  distinct  problem. 

In  1920,  we  conceived  the  project  of  studying  serum  as  a  complex, 
fragile  liquid,  by  avoiding  all  brutal  manipulations  capable  of  destroying 
the  properties  which  we  were  trying  to  define.  We  decided  to  examine 
carefully  the  mechanisms  of  certain  phenomena  and  thus  try  to  throw  some 
light  on  the  mysterious,  fundamental  reactions  which  are  so  precious  in 
medicine,  particularly  for  the  diagnosis  of  infectious  diseases. 

To  accomplish  this  it  was  necessary  to  accept  the  classical  definition 
of  normal  serum:  the  serum  of  a  healthy  animal  having  received  no 
.mmu, using  injection  But  it  was  also  necessary  to  eliminate  innumerable 
factors,  known  and  unknown,  which  quantitatively  influence  all  the  measure- 
1<fLe  Serum  Normal,”  Paris,  Masson,  1934. 
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merits.  A  general  method  which  had  one  great  advantage  and  a  slight  dis¬ 
advantage  imposed  itself.  This  method  consists  in  always  studying  a  scrum 
“kinematically”  and  not  statically,  that  is,  in  replacing  the  idea  of  mean 
value  (represented  by  a  point  in  Cartesian  coordinates)  by  the  idea  of  the 
variations  of  this  value  as  a  function  of  a  known  factor,  these  variations 
being  expressed  by  a  curve. 

For  instance,  instead  of  measuring  the  surface  tension  of  a  hundred  sera 
of  a  given  species  of  normal  animal,  then  adding  all  these  values  and 
dividing  the  total  by  100,  in  order  to  obtain  the  arithmetical  mean,  it  was 
proposed  to  study  the  variations  of  surface  tension  as  a  function  of  time, 
of  dilution,  or  of  temperature,  while  maintaining  all  the  other  factors  con¬ 
stant.  If  the  phenomenon  is  studied  as  a  function  of  time,  the  dilution  and 
temperature  are  kept  constant.  A  second  series  of  measurements  will  be 
made  in  the  same  way,  but  starting  with  a  different  dilution.  All  the  dilu¬ 
tions  will  be  studied  successively  as  a  function  of  time,  at  a  constant  tem¬ 
perature,  so  that  it  will  be  possible  to  deduce  the  influence  of  the  dilution 
and  of  the  temperature  from  a  comparison  of  all  the  curves  obtained.  The 
same  series  of  experiments  is  then  repeated,  the  dilution  being  kept  con¬ 
stant  and  the  temperature  varied.  Finally,  the  characteristics  of  this  par¬ 
ticular  serum  will  be  known  for  each  dilution  and  each  temperature  as  a 
function  of  time.  As  time  cannot  be  immobilized,  it  is  obligatory,  when 
wishing  to  eliminate  it,  to  act  quickly  and  to  assume  that  the  influence  of 
time  becomes  negligible,  or  else  to  consider  it  as  an  invariant  in  each  experi¬ 
ment.  Its  influence,  being  the  same,  will  then  affect  the  phenomenon  as  a 
whole,  by  displacing  the  entire  curve,  but  without  altering  its  shape,  which 
is  the  object  of  the  experiment. 

If  all  the  sera  are  subjected  to  the  same  series  of  experiments,  the  curves 
will  be  higher  or  lower  with  reference  to  the  axis  of  ordinates,  according  to 
each  particular  sample;  but  the  shape,  as  a  function  of  the  variable,  will  be 
approximately  the  same.  If  there  is  an  important  individual  deviation,  it 
is  an  indication  of  an  unquestionable  anomaly  which  could  have  escaped 
attention  in  the  case  of  a  single  measurement,  but  which  has  far  greater 
chances  of  manifesting  itself  when  the  conditions  are  progressively  and 
systematically  varied. 

Finally,  as  each  curve  is  the  result  of  experiments  on  the  same  serum, 
the  result  is  homogeneous  and  has  a  definite  meaning.  The  same  cannot  be 
said  of  a  figure  expressing  the  mean  value  of  certain  properties  pertaining 
to  a  number  of  different  sera.  For  instance,  the  influence  of  immunization 
on  the  surface  tension,  which  cannot  be  shown  by  measurements  on  pure 
serum,  becomes  more  and  more  marked  when  the  serum  is  progressive  y 
diluted.  It  attains  a  maximum  value  at  a  certain  critical  dilution  /  , 
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for  rabbit  serum),  all  other  conditions  being  equal.  This  phenomenon 
had  remained  unknown  until  we  applied  the  method  in  question.2 

Another  example:  the  “mean”  specific  viscosity  of  horse  serum  has  been 
determined  by  numerous  workers.  One  of  them  gives  the  value  of  1.6  at 
20°;  another  1.7;  a  third  1.8;  a  fourth  1.55.  The  “mean  of  mean  values”  is 
1.66.  This  value  has  no  significance.  The  second  decimal  point  is  absolutely 
illusory.  The  mean  values  differ  because  the  horses  were  not  of  the  same 
race,  were  fed  differently,  were  bled  at  different  hours,  and  above  all  because 
the  precision  of  the  methods  employed  left  much  to  be  desired.  If,  on  the 
contrary,  the  variations  of  the  viscosity  of  horse  serum  are  studied  as  a 
function  of  time,  in  a  continuous  fashion,  one  observes  that  there  is  an 
absolute  minimum  of  viscosity  at  56°  and  that  the  latter  increases  rapidly 
above  this  temperature.  This  has  more  significance,  for  we  know,  on  the 
other  hand,  that  56°  is  the  temperature  which  corresponds  to  the  “destruc¬ 
tion  of  the  complement,”  an  important  biological  property  which  is  thus 
found  to  be  related  to  a  well  defined  physical  phenomenon. 

It  was  also  found  that  the  serum  of  a  great  number  of  animals  belonging 
to  different  species,  and  that  of  man,  possessed  the  same  characteristic,  and 
that  this  is  not  true  for  current  colloidal  solutions:  gelatin,  gum  arabic,  etc. 
The  kinematic  (some  would  call  it  dynamic)  method  thus  revealed  a  gen¬ 
eral  phenomenon  characterizing  blood  serum. 

To  follow  the  principle  of  the  method  it  was  also  necessary  to  study  the 
influence  of  the  duration  of  heating.  The  results,  which  we  shall  examine 
later,  were  equally  interesting  and  unforeseen.  The  method  is  therefore 


very  general,  as  it  is  possible  in  certain  cases  to  efface  not  only  individual 
differences  but  also  differences  of  species. 

The  immediate  objections  that  can  be  made  are  the  following:  the  appli¬ 
cation  of  this  method  demands  an  enormous  number  of  measurements  and  a 
considerable  accumulation  of  material.  Each  measurement,  if  it  is  care¬ 
fully  done,  takes  time.  A  life-time  would  not  suffice.  What  is  more 
as  each  curve  should  be  the  result  of  experiments  made  with  the  same 

serum,  great  quantities  of  blood  are  needed.  This  is  not  practicable  if 
one  is  working  on  small  animals. 


This  is  all  true,  or  rather  was  true  when  we  started  this  work  (1920) 
e  shall  try  to  show  how  it  is  possible  to  get  around  the  difficulty.  It  is 
evidently  necessary  to  amass  a  great  number  of  experiments.  This  is 
rue  of  a  most  all  biological  work.  Consequently,  one  should  be  able  to 
accumulate  measurements  performed  by  non-specialized  assistants-  these 
mus  be  made  rapidly  without  a  corresponding  decrease  in  the  high  accuracy 

and  ine“  E^ifS  S^lTnd'o^n4"’^?,  «•  779  (1925>  *>, 

Publishing  Corp.,  1926.  &  ‘  d  Organic  Colloids,  New  York,  Reinhold 
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required.  The  improvement  of  all  techniques  is,  therefore,  necessary  so 
that  these  requirements  may  be  met.  If  it  takes  thirty  seconds  instead  of  one 
hour  to  make  a  measurement  of  surface  tension,  374  measurements  a  day 
can  be  made,  as  was  the  case  in  our  laboratory,  including  all  the  necessary 
manipulations.  This  naturally  calls  for  special  equipment,  organization, 
and  rationalization  of  the  work.  The  ideal  equipment  must,  therefore,' 
be  conceived  with  the  object  of  performing  rapid  measurements  without  loss 
of  precision,  and  of  permitting  large  series  of  measurements.  In  all  cases 
it  is  more  advantageous,  as  we  have  frequently  experienced,  to  spend  sev¬ 
eral  months  realizing  and  perfecting  a  new  instrument  and  a  technique 
exactly  adapted  to  the  problem,  than  to  attack  the  question  with  inadequate 
equipment.  The  “lost”  time  is  quickly  recovered;  and,  in  any  case,  there 
remains  a  perfected  technique  which  may  be  useful  to  others. 

Moreover,  it  is  evident  that  all  the  working  hours  of  a  day  or  week  are 
rarely  spent  in  perfecting  a  new  method.  There  are  always  other  experi¬ 
ments  going  on,  and  the  extra  effort,  besides  being  in  general  fascinating, 
is  usually  rewarded  by  the  results  obtained. 

Our  first  experiments  on  viscosity  were  made  with  Ostwald’s  instru¬ 
ment,  in  a  large  thermostat,  and  required  about  one  hour  for  each  measure¬ 
ment.  As  we  had  to  make  one  measurement  for  each  degree  between  20° 
and  70°,  it  took  us  about  50  hours,  or  ten  hours  a  day  for  five  days.  We 
needed  500  cc  of  serum.  When  taken  from  the  same  animal,  it  probably 
underwent  changes  at  the  end  of  this  lapse  of  time;  and  only  a  large  animal, 
i.e.,  horse  or  ox,  could  supply  the  required  quantity.  For  rabbits,  chickens, 
or  guinea  pigs,  several  animals  a  day  were  needed.  When  our  new  equip¬ 
ment  was  ready  we  could  make  about  100  measurements  in  1^  hours 
(from  20°  to  70°  and  from  70°  to  20°  by  cooling)  with  1  cc  of  liquid.  The 
instrument  was  sensitive  to  the  5th  decimal  point  (c.g.s.  units).  No 
manipulation  was  necessary:  the  worker,  sitting  down,  simply  inscribed 
the  figures  read  on  the  scale,  unless  they  were  automatically  recorded.  We 
were  thus  able  to  make  50,000  measurements  on  all  kinds  of  liquids  in  a 
few  years  without  interrupting  the  other  work  of  the  laboratory.  It  took 
about  six  months  to  design,  construct  and  perfect  the  new  viscosimeter. 

We  have  purposely  dwelt  on  these  preliminary  details  so  as  to  make  it 
clear  to  the  reader  that  the  necessary  foundation  of  the  method  which  we 
employed  was  the  creation  of  new  instruments  particulaily  adapted  to 
biological  solutions,  or  the  modification  of  old  instruments  with  the  same 
object  in  view,  and  the  perfecting  of  special  techniques,  simple  enough  to 
be  used  by  any  assistant  and  destined  to  save  time.  In  brief,  what  we  did 
was  to  apply  to  the  laboratory  the  principles  used  currently  in  industiy 
since  the  beginning  of  the  century.  The  reason  for  the  standardization, 
rationalization  and  Taylorization  in  factories  is  to  decrease  the  cost  by  mass 
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production,  based  on  the  use  of  high-precision  calibers.  Our  aim  was  to 
increase  the  number  of  measurements  and  their  precision,  by  eliminating  as 
far  as  possible  either  the  individual  factor  or  the  manipulations  in  which 
this  factor  could  intervene.  This  led  us  sometimes  to  simplify,  but  more 
generally  to  complicate  the  instruments.  Every  complication,  however, 
was  motivated  by  a  simplification  in  its  handling  and  a  greater  guarantee 
of  precision  in  the  measurements. 

Usually,  when  it  is  necessary  to  multiply  measurements  of  a  certain 
nature,  it  is  not  the  measurement  itself  which  takes  time  but  the  manipula¬ 
tions  preceding  or  following  it:  cleaning  and  sterilization  of  the  vessels 
containing  the  liquid,  preparation  of  accurately  titrated  solutions,  decanta¬ 
tion  into  special  vessels,  and  unavoidable  lapse  of  time  to  obtain  the 
equilibrium  (temperature,  adsorption,  potential,  etc.) .  Moreover,  after 
each  measurement,  the  apparatus  must  be  put  in  order  for  a  second 
measurement.  In  certain  cases  the  measurement  takes  half  a  minute  or 
less,  but  preparation  of  all  the  essential  elements  takes  a  whole  day,  or 
even  more.  It  is,  therefore,  indispensable  that  the  work  be  organized  in 
such  a  way  that  the  accessory  details  do  not  have  to  be  repeated  for  each 
measurement,  but  that  on  the  contrary  they  can  be  prepared  in  view  of  a 
large  number  of  identical  measurements.  This  necessarily  entails  a  ra¬ 
tionalization  which  greatly  resembles  the  methods  of  industry,  and  which 
saves  much  time  without  affecting  the  precision. 


The  only  objection  that  can  be  raised  to  this  system  is  that  it  requires 
more  glassware,  apparatus,  and  room,  and  consequently,  more  money.  But 
besides  the  fact  that  this  is  not  always  true,  it  cannot  be  called  an  objec¬ 
tion.  It  is  a  condemnation  of  the  organizations  and  men  in  charge  of  the 
destiny  of  scientific  culture.  Everything  depends  on  the  object  in  view. 
If  one  is  satisfied  with  old-fashioned  laboratories,  in  which  work  is  slow  and 
difficult,  without  comprehending  the  part  played  by  pure  research  in  gen¬ 
eral  culture  and  intellectual  prestige,  and  without  being  convinced  of  its 
ever-increasing  economic  value,  then  one  always  spends  too  much  money 
inasmuch  as  this  money  is  not  employed  to  its  maximum  value.  If  on  the 
other  hand,  one  is  honestly  determined  to  make  human  knowledge  progress 
because  one  believes  that  only  through  science  will  scourges,  such  as  infec¬ 
tious  diseases  and  cancer,  be  finally  controlled,  then  one  can  never  spend 

hZ?  ,Tnny'nu  ?  g’  in  brief>  depends  on  the  value  attributed  to 
uman  life,  health,  and  the  progress  of  knowledge. 


When  we  undertook  the  systematic  study  of  the  Dhvsionl  »nd  • 

jth i S  : 

"  of  ,ri  „„  a,  . . 
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we  were  fully  aware  that  the  task  was  a  considerable  one  and  we  were  con¬ 
vinced  that  a  life-time  would  not  suffice. 

More  than  twenty  years  have  passed.  The  facts  discovered  have  proved 
that  we  were  right  in  thinking  that  a  great  part  of  the  obscurity  sur¬ 
rounding  these  phenomena  was  due  to  our  ignorance  of  the  fundamental 
facts  and  to  the  errors  of  conception  thus  involved.  However,  they  have  also 
brought  the  conviction  that  the  work  accomplished  was  negligible  in  com¬ 
parison  with  what  remains  to  be  done,  and  that  all  efforts  would  be  futile 
until  the  chemistry  of  fragile  bodies,  four-dimensional  chemistry — in  other 
words,  the  chemistry  of  proteins — had  progressed. 

The  two  expressions  “chemistry  of  fragile  bodies”  and  “four-dimensional 
chemistry,”  can  be  considered  synonymous  in  the  case  of  proteins.  Indeed, 
if  we  agree  to  call  “fragile  body”  a  body  the  properties  of  which  are  not 
stable  as  a  function  of  time  and  vary,  often  irreversibly,  from  one  moment 
to  another,  we  are  forced  to  introduce  time  as  a  fourth  dimension  in  our  very 
definitions.  Time  has  already  had  to  be  introduced  into  the  chemistry 
of  radioactive  bodies  which  are  perpetually  transformed  into  one  another 
before  they  reach  a  stable  ultimate  state,  such  as  lead  in  the  uranium  family. 
But  the  problem  is  infinitely  more  complex  in  the  case  of  proteins  com¬ 
prising  thousands  of  atoms,  with  molecular  weights  varying  between  16,000 
and  6,600,000,  and  which  are  not  chemically  defined  at  any  time. 

Here  we  must  point  out  that  when  we  speak  of  the  fragility  of  proteins, 
we  mean  the  fragility  of  the  entire  structure,  and  not  that  of  the  constitutive 
elements  which  are  chemically  determined  groups  and,  on  the  contrary, 
possess  great  stability.  Similarly,  when  a  child  builds  a  house  out  of  solid 
blocks,  the  fragility  of  the  edifice  increases  in  direct  proportion  to  its  com¬ 
plication.  The  physico-chemical  and  biological  properties  of  a  protein 
sometimes  depend  on  the  stable  groups,  but  also  frequently  on  their  com¬ 
binations,  which  are  more  and  more  unstable  as  the  number  of  combined 
groups  increases.  Two  kinds  of  properties  can,  therefore,  be  roughly  dis¬ 
tinguished  in  a  protein  molecule:  (1)  the  chemical  properties  due  to  the 
nature  of  certain  stable  elements  which  compose  it,  (specificity  among 
others),  and  (2)  less  well  defined  physico-chemical  and  biological  properties 
which  emerge  from  the  stereochemical  coupling  of  a  more  or  less  large 
number  of  stable  chemical  groups  (antigenic  property  ?). 

The  chemical  groups  which  determine  the  specificity,  for  example,  do 
not  react  in  a  simple  way.  Their  reactions  depend  on  the  chemical  bonds 
which  link  them  to  other  much  more  complex  groups  endowed  with  antigenic 
properties  lacking  in  the  first  ones.  The  first  (haptenes)  only  serve  to  orient 
specifically  the  reactions  which  would  be  impossible  without  the  presence  of 
the  second  group  and  without  the  combination  of  these  two  elements.  At 
least,  this  is  the  way  in  which  these  phenomena  can  be  actually  conceived. 
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New  properties  and  a  new  fragility  are  born  from  the  combination  itself. 

The  substance  of  our  experiments  on  serum  was  condensed  in  about 
thirty  papers  and  one  book.  Two  different  kinds  of  results  stand  out  when 
the  work  is  considered  as  a  whole.  First,  the  new  material  results,  purely 
experimental,  which  constitute  a  group  of  independent  phenomena  easily 
reproducible,  and  which  were  often  checked,  but  were  apparently  unrelated, 
except  in  a  few  cases.  Secondly,  the  conclusions  which  we  derived  from 
them.  Our  logical  interpretation,  often  based  on  quantitative  relations,  is, 
as  was  stated  before,  definitely  hypothetical;  but  it  acquires  an  important 
character  of  probability  from  the  fact  that  the  principal  hypothesis  enables 
one  to  establish  a  coherent  link  between  all  the  observed  facts,  wThich  thus 
derive  logically  one  from  another.  In  other  words,  this  hypothesis,  which 
proved  fruitful  inasmuch  as  it  suggested  numerous  experiments,  transforms 
a  succession  of  points  into  a  regular  curve.  Each  phenomenon  loses  its 
independence  with  respect  to  the  others.  It  becomes  one  of  the  aspects  of 
the  fundamental  phenomenon  and  its  individuality  is  engulfed  in  that  of  the 
curve  which  represents  the  evolution  as  a  whole.  This  hypothesis  was  very 
useful  as  a  working  tool.  From  every  point  of  view  it  seems  to  be  more 
plausible  and  efficacious  than  the  classical  hypothesis  which  it  replaces  and 
which,  as  we  shall  show,  is  incapable  of  explaining  and  coordinating  the 
new  facts. 


The  classical  hypothesis  is  that  of  colloidal  serum.  The  new  hypothesis 
is  that  of  a  serum  molecularly  dispersed,  comprising  albumin,  globulins, 
lipoids,  etc.,  in  a  true  solution,  either  in  a  state  of  more  or  less  fragile 
combinations,  or  free.  For  a  long  time  we  thought  that  the  majority  of 
proteins  existed  in  the  shape  of  a  large  “serum  molecule.”  The  latest  ex¬ 
periments  made  in  Svedberg’s  laboratory  indicate,  on  the  contrary,  that 
t  lough  the  dispersion  is  molecular,  as  we  assumed,  there  are  four  distinct 
groups  of  molecules,  two  of  which  are  far  more  numerous  than  the  others  3 

the’pI^tTte  obtVain!fAm'  *’  ^  226  U933)'  1  — nu«y  of 

undiluted  serum.  It  was  possible  to  nrnw  tw  the  a|kurnin.s  a.re  present  in  old, 

still  smaller  molecules  exist  which  inrrpq-  '  ’  in  ?  seru.m  diluted  in  isotonic  solution, 

probably  the  result  of  cLTvagt!  “  nUmber  Wlth  time’  These  elements  are 

globulins ^bein^iricrea^d ^ Tliis^anmrent S‘ Witb  the  dilution>  the  relative  proportion  of 
undiluted  scrum,  the^SLSfor^^W^  ?  due  t0  the  fact  that?  in 

IS  too  limited  to  make  it  possible  for  theitoT  ??  number  of  which,  however, 

possible,  as  I  wrote  in  1930,  [Revue  Scientifique FebTl^ VmW?? 11  is 

4  *  eD-  1930>  P-  66.1  that  an  equilibrium 
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In  the  first  hypothesis  the  properties  of  the  substances  constituting  the 
serum  would  be  in  part  due  to  their  state  of  aggregation  in  the  shape  of 
micelles.  In  the  second,  these  same  properties  would  be  the  result  of  their 
valences  and  of  their  chemical  structure  in  space,  as  well  as  of  their  physical 
and  physico-chemical  properties,  which  are  the  consequences  of  their  nature 
and  of  their  molecular  dimensions.  At  no  time,  under  normal  conditions, 
would  aggregation  take  place.  The  proteins — or  rather  the  complex,  lipo¬ 
protein,  of  which  we  have  spoken — are  and  remain  molecularly  dispersed, 
as  a  true  solution. 

The  first  hypothesis  closes  the  door  to  a  chemical  interpretation  of  the 
specificity  of  serum  or  plasma.  The  second,  on  the  contraiy,  opens  up  vast 
horizons  to  this  specificity  and  makes  it  possible  to  introduce  into  biology 
the  rich  and  fertile  idea  of  monomolecular  oriented  dispersion,  which  we 
have  upheld  since  1923. 

As  our  experimental  work  dealing  with  oriented  adsorption  has  already 
been  developed  in  a  preceding  book,4  we  will  limit  ourselves  to  summarizing 
it  briefly.  On  the  contrary,  we  shall  develop  in  detail  all  our  subsequent 
work  which  was  mainly  done  at  the  Pasteur  Institute  from  1927  to  1937,  and 
which  is  closely  related  to  the  fundamental  problems  on  the  nature  of  alexin, 
of  the  sensitizer,  and  of  the  mechanisms  of  the  action  of  the  complement. 


exists  between  the  large  and  more  complex  molecules  and  their  smaller  elements,  and 
that  the  mean  properties  of  serum  correspond  to  the  top  of  a  Gauss  probability  curve. 

Biochem.  Z.,  266,  250  (1933).  The  globulins  of  serum  obtained  by  precipitation  with 
semi-saturated  ammonium  sulfate  are  polydispersed.  The  greater  part  are  formed  by 
molecules  having  a  molecular  weight  of  about  138,000. 

The  serum  albumin  obtained  by  dialysis  of  the  “Gesamt  albumine”  is  almost  mono- 
dispersed  (there  is  a  small  quantity  of  smaller  molecules).  Serum  albumin  precipitated 
by  saturated  ammonium  sulfate  contains  the  product  of  association  of  several  molecules. 

In  all  the  albumin  preparations  it  was  found  that  the  principal  molecules  had  a  con¬ 
stant  of  sedimentation  of  4.5  X  lO'13  (corresponding  to  Pm  =  69,000). 

Biochem  Z  266,  259  (1933).  If  increasing  quantities  of  ammonium  sulfate  are  added 
to  the  serum,  small  molecules  appear  and  their  quantity  increases  with  the  concentration 

Electrodialysis  entails  a  partial  association  of  proteins  which  can  be  reversible  or 

irreTecomte  du  Nouy,  "Surface  Equilibria  of  Biological  and  Organic  CoHoi^  New 
York,  Reinhold  Publishing  Corp.,  1926,  and  “Equihbres  Superficiels  des  Solutions 
Colloidales”  Monographic  de  VInstitut  Pasteur,  Pans,  Masson,  1929. 


Chapter  2 


Adsorption;  Monomolecular  Layers; 
Summary  of  Previous  Experiments 


As  reported  above,  all  our  work  on  serum  can  be  divided  into  two  distinct 
groups:  the  first  leads  to  the  concept  of  polar  “serum  molecules,”  adsorbable 
in  monomolecular  layers  at  the  interfaces.  The  second  leads  to  much 
greater  precision  concerning  these  molecules,  which  are  shown  to  be  asym¬ 
metrical,  anisotropic,  capable  of  being  irreversibly  hydrated  by  fixation  of 
intramolecular  water,  and  of  swelling  individually  when  heated,  until  a  gel 
is  formed. 

The  first  group  explains  the  difference  between  in  vivo  and  in  vitvo  reac¬ 
tions  by  introducing  the  idea  of  catalysis  through  surface  action  in  the  cells 
and  oigans,  the  second  studies  coagulation  by  heat,  the  physico-chemical 
nature  of  the  destruction  of  “alexin”  by  heating  at  56°,  and  shows  the  dif¬ 
ference  between  this  phenomenon  and  that  of  the  destruction  of  the  “sensi¬ 
tizer”  at  66°. 

Even  if  the  reader  is  not  interested  in  our  hypothesis,  or  does  not  approve 
our  interpretation  of  the  phenomena,  we  hope  that  the  following  account  of 
our  experiments  and  of  the  new  facts  observed  will  give  him  the  necessary 
elements  to  enlighten  his  own  point  of  view  and  to  enable  him  to  build  up  a 
new  theory  which  will  satisfy  him  more  completely 


of  I^!rtdamenta'Phen“  0f  the  first  group  is  the  abs°Iute  minimum 

diluted  in  a  physioiogicai  soiution- The — 

ratioS/tMS ^  1  ^  “™mum  of  surface  tension  as  a  function  of  the 

ml  The  =  rCe  ?dS°rPti0n  and  F  =  the  v0'ume  of  the  solution) 
(B  The  anomal.es  m  the  rate  of  evaporation  of  serum  solutions. 

atthel  ...  .  pect  °f  the  NaCl  crystals  of  the  solution  after  evaporation 

WeTh^  r rTtrati°“  C°rreSPOnding  t0  a  gi™  S/V  ratio.  " 

which  were  described  ;r:iouSVeader  °f  tlle  natUre  °f  these  Phenomena, 

York,  Reinhold  Wlnshing^Cm',"'  ^lllbna  of  Biological  and  Organic  Colloids,"  New 
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Minimum  and  Shift  of  the  Minimum 

Rabbit  scrum  diluted  in  an  isotonic  solution  shows  an  absolute  minimum 
of  surface  tension  when  the  static  value  is  sought,  that  is,  when  the  measure¬ 
ments  are  made  after  the  adsorption  equilibrium  has  been  established.  This 
absolute  minimum  is  found  at  a  dilution  of  about  1/10, 000th  when  the 
measurements  are  made  in  vessels  in  which  the  ratio  S/V  is  equal  to  13.2 
(calibrated  watch-glasses  and  2  cc  of  solution).  Under  these  conditions  the 
thickness  of  the  adsorbed  protein  layer  is  approximately  4  m  n,  or  40  Ang¬ 
stroms.  When  the  value  of  the  ratio  S/V  is  changed,  in  other  words  when 
the  surface  is  increased  or  decreased  and  the  volume  ( i.e .,  the  number  of 
molecules)  is  kept  constant,  the  mean  thickness  of  the  adsorbed  layer,  or 
more  exactly  the  number  of  molecules  adsorbed  per  unit  of  surface,  varies 
and  brings  about  a  variation  in  surface  tension.  This  surface  tension  shows 
a  minimum  when  the  adsorbed  layer  is  strictly  monomolecular  and  without 
solution  of  continuity,  that  is  to  say,  when  it  forms  a  homogeneous  film. 
If  the  concentration  and  the  ratio  S/V  are  varied  simultaneously,  and  if  the 
same  surface  of  adsorption  is  available  to  the  same  number  of  molecules, 
the  place  of  the  minimum  observed  under  the  conditions  defined  above  can 
be  shifted  at  will,  and  occurs  at  any  chosen  concentration.  This  was  estab¬ 
lished  by  experiments  made  with  protein  molecules  and  confirmed  with 
sodium  oleate  molecules.2  The  phenomenon  would  be  incomprehensible  if 
each  molecule  did  not  always  occupy  the  same  space,  i.e.,  if  it  were  not 
capable  of  orienting  itself  in  a  monomolecular  layer,  geometrically  organized, 
like  identical  prisms  of  cork  pressed  one  against  the  other  and  floating  on 
water.3 


Anomalies  in  the  Evaporation  Rate  of  Diluted  Serum  Solutions 


When  solutions  of  sera  are  left  in  watch-glasses  having  an  S/V  ratio 
equal  to  13.2,  at  room  temperature,  it  is  found  that  the  solution  at  1/10,000 
evaporates  more  slowly  than  others  at  1/10,  1/100,  1/1,000,  and  1/100,000. 
The  explanation  of  this  phenomenon  which  we  proposed  rests  on  the  same 
hypothesis  as  the  preceding  one,  namely  the  existence,  at  that  concentration, 
of  an  oriented  monolayer  which  impedes  the  escape  of  the  molecules  of  water 
by  its  solid,  homogeneous  structure.  This  would  tend  to  prove  that  the 


2  The  existence  of  3  minima  and  of  their  shift,  observed  in  sodium  oleate  solutions, 
first  reported  by  the  writer  in  W24,  [PM  Map  48  664-67! 2  j  /. .de Phys.  etR 


first  reDorted  by  tne  writer  in  ly^,  l nw,.  w^y.,  ,  ,  , 

ser  6,  145-153,  (1925);  “Surface  Equilibria,”  chap.  4,  p.  86,  (1926)1,  have  been  chec 

by  different  authors;  the  most  recent  check  was  published  in  ^ Brajuf)’ 

in  1940  by  Dr.  Herquet  (University  of  Liege,  Belgium,  paper  presented  by  ;  | 

Unfortunately,  during  the  latter  part  of  1940  this  .journal 

account  of  the  war,  and  the  writer  regrets  that  he  is  unable  to  supply  the  exact  bib 
graa  L^comte°du  Nouy,  op.  cit.,  Reinhold  Publishing  Corp.,  pp.  78-80  and  86-89. 
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organization  of  the  adsorbed  layer  is  perfect  only  when  it  is  unique  and  is 
not  superposed  on  other  subjacent  layers. 


Aspect  of  NaCl  Crystals  after  Evaporation 

The  aspect  of  these  crystals  is  totally  different,  in  the  case  of  immunized 
serum  diluted  to  1/10,500,  from  that  of  the  crystals  grown  from  more  or  less 
concentrated  solutions.  At  this  critical  concentration  (the  value  of  the 
ratio  S/V  being  always  equal  to  13.2)  crystals  shaped  like  fish-bones  can 
be  observed,  which  indicates  the  presence  of  forces  capable  of  orienting  the 
crystalloidal  molecules,  while  in  normal  serum,  under  identical  conditions, 
the  crystals  show  no  such  patterns.6  A  similar  phenomenon  takes  place 
with  sodium  oleate  in  presence  of  NaCl,  evaporated  under  such  conditions 
that  a  monomolecular  layer  is  formed  (1/750,000).  The  explanation  of  this 
phenomenon  can  be  found  only  in  an  oriented  state  of  adsorbed  molecules. 

It  is  quite  evident  that  the  hypothesis  of  a  truly  colloidal  solution  of 
proteins,  i.e.,  isotropic  non-polar  micelles,  incapable  of  being  oriented  or  of 
imposing  an  orientation  on  the  crystalloidal  molecules  present,  cannot  ex¬ 
plain  any  of  the  above  phenomena.  Neither  can  it  explain  any  of  the 
remarkable  phenomena  (hemi-wettability  among  others)  discovered  by 
Devaux,  who  studied  other  proteins.  On  the  other  hand,  the  hypothesis  of 
molecules  in  true  solution  explains,  and  in  certain  cases  (displacement 
of  the  minimum)  enables  one  to  calculate  and  to  foresee  the  facts  quan¬ 
titatively  when  the  conditions  of  the  experiments  are  systematically  altered. 
We  shall  see  later  on  the  important  consequences  that  can  be  deduced  from 
this. 


We  may  add  that  the  calculated  thickness  of  the  monolayer  of  serum 
proteins  is  in  satisfactory  accord  with  that  calculated  by  Fricke  for  the 
thickness  of  the  red  blood-corpuscle  “membrane/’  namely  33  instead  of  35 
Angstroms  (3.3  m  p  instead  of  3.5  m  p) . 


Th*s  phenomenon  was  first  described  in  1924  (Lecomte  du  Noiiy,  J.  Exp.  Med  39 
r?dlscovered  in  1925  by  Rideal,  and  extensively  investigated  by  I  Langmuir 
and  V.  Schaefer  with  different  chemicals).  See:  “Surface  Chemistry,”  ^7  (Publ  of 

Am.  Assn.  Adv.  Sci.,  No.  21,  1943).  ’  v  ‘ 

Lecomte  du  Noiiy,  op.  cit.,  Reinhold  Publishing  Corp.,  pp.  142-143. 


Chapter  3 

The  Viscosity  of  Serum  as  a  Function  of  Temperature 

The  viscosity  of  colloidal  solutions  is  not  easily  determined  by  the 
methods  which  involve  the  use  of  a  glass  capillary.  The  technical  diffi¬ 
culties  encountered  are  important,  and  when  successfully  surmounted  they 
still  require  a  relatively  large  amount  of  liquid.  •  Moreover,  they  do  not 
permit  the  continuous  observation  of  the  variations  which  may  take  place 
in  a  solution  as  a  consequence  of  a  reaction,  or  under  the  influence  of  tem¬ 
perature  or  of  time.  These  were  the  main  reasons  which  led  us  to  establish 
a  viscosimeter  which  would  escape  the  above  limitations. 

The  original  instrument  used  in  the  following  experiments  was  described 
a  long  time  ago,1  but  since  then  it  has  been  considerably  improved.2  It  is 
fundamentally  based  on  the  principle  of  two  coaxial  cylinders;  the  outside 
cylinder,  or  cup,  which  contains  about  1  cc  of  liquid,  rotates  at  a  constant 
speed,  and  the  inside  cylinder,  or  bob,  is  suspended  by  means  of  a  gal¬ 
vanometer  wire.  In  the  new  model  the  sensitivity  was  not  increased,  as 
the  instrument  was  already  too  sensitive  if  anything;  suffice  it  to  say  that 
the  first  model  made  it  possible  to  obtain  readings  to  the  sixth  decimal  point 
in  c.g.s.  values  (0.000,001),  so  that  the  viscosity  of  air  could  be  used  to 
standardize  the  instrument  (0.000,185,8  at  25°). 

The  viscosity  of  water  thus  determined,  at  the  same  temperature,  yielded 
a  value  of  v  =  0.008,916,  in  excellent  accord  with  the  value  given  by  Thorpe 
and  Rodger  (1894)  of  0.008,91.  The  sixth  decimal  can  be  neglected,  as  a 
difference  of  l/100th  of  a  degree,  between  20°  and  30°,  introduces  an  error 
of  2  units  in  the  5th  decimal  place.  An  experimental  study  of  errors  showed 
that,  under  the  most  exacting  conditions,  a  relative  error  of  0.025  per  cent 
was  to  be  expected.  Practically,  an  error  of  0.1  per  cent  was  considered 
as  acceptable.  As  a  difference  of  0.01°  in  the  temperature  introduces  an 
error  of  the  order  of  0.2  per  cent,  this  indicates  that  an  overall  accuracy 
of  ±0.3  per  cent  is  the  best  that  can  be  expected  under  normal  working 
conditions,  when  the  temperature  cannot  be  relied  upon  to  more  than  l/100th 
of  a  degree. 

It  was  soon  found  that  the  significant  phenomena  were  of  such  an  order 

1  Lecomte  du  Noiiy,  Jour.  Gen.  Physiol.,  5,  429  (1923). 

2  It  is  on  the  market  in  Europe,  but  not  in  the  United  States. 
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of  magnitude  that  this  sensitivity  was  unnecessary,  and  that  the  time  ele¬ 
ment  was  of  greater  importance.  Therefore,  we  modified  the  original  in¬ 
strument  so  as  to  increase  its  range  and  to  make  readings  easier. 

This  was  done  in  the  following  way.  The  phosphor-bronze  suspension 
of  the  plunger,  or  bob,  is  used  to  carry  a  feeble  current  through  a 
d’Arsonval  coil  moving  between  the  poles  of  a  horseshoe  magnet.  Under 


this  coil  is  the  mirror,  and  the  hook  to  which  the  bob  is  suspended  The 
suspension  b  non-conductive  of  heat.  The  current  flowing  through  the  coil 
s  led  out  through  a  thin  spiral  above  the  mirror  (Fig.  1)  just  as  in  an 
ordinary  galvanometer.  The  current  from  one  or  two  dk  cells  passes 

can  hS  a  millmmmetcr  and  a  senes  of  four  variable  rheostats  so  that  it 

coarser  'and  “h  Z  fiTef  Xlme'nfto  ’  °“’  gl™g 

(to  thp  ^  cnt.  For  accurate  measurements 

switch  which  is  normally  short-circuiter'  SCt"UP  “  ^  thr°Wn  in  by  a 
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In  order  to  make  an  experiment  (i.e.,  a  relative  determination  of  viscosity 
as  a  function  of  time  and  temperature)  the  following  procedure  is  followed. 
The  position  of  the  zero  having  been  checked  and  found  perfectly  stable,  the 
constant-speed  motor  driving  the  cup  containing  the  serum  (1  or  2  cc,  accord¬ 
ing  to  the  size  of  the  cup  and  bob)  is  started;  through  reducing  gears  it  im¬ 
parts  to  the  cup  a  speed  which  can  be  varied  from  2  to  40  rpm.  (The  speed 
generally  used  was  16  rpm) .  At  once  the  spot  begins  to  move.  Simultaneously, 
the  observer,  by  acting  on  the  dial  controlling  the  first  rheostat  (coarse  ad¬ 
justment),  sends  a  current  through  the  coil,  thus  counteracting  the  torque 
due  to  the  friction  set  up  by  the  motion  of  the  liquid.  By  acting  on  the 
other  dials,  he  rapidly  brings  back  the  spot  on  the  zero  position  and  reads  on 
the  milliammeter  a  figure  which  is  proportional  to  the  viscosity.  The  whole 
operation  takes  less  than  10  seconds. 

By  keeping  the  spot  on  the  center  of  the  scale  (zero  reading),  all  further 
changes  in  the  viscosity  of  the  liquid  under  observation  are  quantitatively 
read  on  the  milliammeter.  When  a  recording  instrument  is  used,  a  curve  < 
expressing  the  evolution  of  the  phenomenon  can  be  obtained. 

When  it  is  desirable  to  secure  more  accurate  figures  the  switch  Sw 
(Fig.  1)  is  opened  and  an  additional  100  ohms  resistance  is  thereby  intro¬ 
duced  in  the  circuit.  The  terminals  of  this  resistance  are  connected  to  a 
potentiometer.  The  potential  drop  in  the  resistance  can  thus  be  measured; 
it  is  proportional  to  the  intensity  of  the  current  ( E  =  IR).  As  R  is  con¬ 
stant,  the  drop  is  also  proportional  to  the  viscosity ;  and  as  the  potentiometer 
gives  three  significant  figures  instead  of  one  on  the  milliammeter  (if  the 
instrument  allows  readings  to  0.1  mv)  the  sensitivity  is  increased  one  hun¬ 
dred  fold. 

The  further  advantage  of  this  electromagnetic  control  is  that  the  readings 
are  made  when  the  suspension  is  not  subjected  to  any  torsion  (zero  posi¬ 
tion)  ,  and  that  the  instrument  does  not  require  a  damping  device  as  in  the 
first  model.  The  damping  results  automatically  from  the  motion  of  the  coil 
in  the  magnetic  field.  Moreover,  a  variable  shunt  makes  it  possible  to  pass 
instantaneously  from  one  sensitivity  to  another,  so  that  the  range  of  the 
viscometer  can  be  extended  at  will.  The  readings  on  the  milliammeter 
are  multiplied  by  the  factor  read  on  the  shunt  dial.  These  factors  on  the 
standard  model  are  0.02,  01,0.2,0.4,1.0,2.0.  The  first  one,  0.02,  is  used  for 
the  viscosity  of  air,  and  0.4  or  1.0  for  that  of  serum. 

Experimental 

In  order  to  save  the  reader’s  time,  and  to  enable  him  to  visualize  a 
series  of  experiments  at  a  glance,  only  charts  will  be  given.  The  experi¬ 
ments  chosen  for  publication  are  representative  of  the  others,  as  no  radical 
departure  from  the  mean  has  been  observed  so  far. 
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The  experiments  were  carried  on  in  the  following  way:  the  serum  was 
poured  into  the  cup  (1  cc)  and  the  bob  lowered  into  it  The  zero  point 
being  checked,  the  motor  was  started,  and  a  first  reading  made  at  the 
starting  temperature  (between  20°  and  25°).  After  checking  the  zero  again, 
and  repeating  this  measurement  at  least  3  times,  with  an  interval  of 
5  minutes  between  readings,  the  heat  was  turned  on.  (A  current  of  1  ampere 


through  a  resistance  immersed  in  the  oil  surrounding  the  cup  brought 
the  temperature  up  from  20°  to  70°  in  about  45  minutes.)  Then 
t  ie  readings  were  taken,  and  recorded  simultaneously  with  the  temperature 

somlTX  l;loccdtalonSsldc  th«  scale  makes  this  possible.  As  a  rule,  unless 
some  critical  point  was  neared  or  some  unforeseen  phenomenon  occurred 
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readings  were  taken  at  every  2°.  The  current  was  left  on  until  70°  was 
reached,  in  the  first  series  of  experiments  (Figs.  2,  3,  4) ;  in  all  other  experi¬ 
ments  reported  in  this  paper  the  heat  was  stopped  after  a  certain  temper¬ 
ature  had  been  reached  (50  ,  55  ,  56°,  to  60°)  and  the  oil  allowed  to  cool 
by  itself.  Usually,  in  order  that  cooling  from,  say,  55°  to  20°  should  take 
about  the  same  time  as  heating  from  20°  'to  55?,  cold  water  was  made  to 


Fig  3  Viscosity  of  rabbit  serum  as  a  function  of  temperature  The  minimum  is 
observed  around  58° C.  The  letter  F  indicates  the  points  where  important  and 
rapid  fluctuations  were  observed.  R.V.  indicates  the  values  of  the  relative  vis¬ 
cosity  with  respect  to  water. 


circulate  in  the  double  wall  of  the  oil  bath,  and  the  rate  controlled  accord- 

ingly. 

The  first  set  of  experiments  is  shown  in  Fig.  2.3  The  ordinates  express 
the  readings  on  the  scale,  and  therefore  are  arbitrary  figures,  but  propor- 
3Lecomte  du  Noiiy,  Jour.  Gen.  Physiol.,  12,  363  (1929)  and  Ann.  Inst.  Pasteur, 

742  (1928). 
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tional  to  the  absolute  viscosities.  In  order  to  give  an  idea  of  the  order  of 
magnitude,  the  curve  expressing  the  viscosity  of  water  as  a  function  of 
temperature  is  drawn  in  the  figure. 
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Fig.  3  illusti  ates  the  same  phenomenon.  The  turning  point  may  vary 
from  56  to  58°.  But  in  the  great  majority  of  cases,  the  viscosity  reaches 
its  minimum  value  between  56°  and  57°,  stays  constant  up  to  58°  some¬ 
times  up  to  59  ,  and  begins  to  increase  more  rapidly  than  it  decreased 
before.  From  62°  to  65°  the  increase  becomes  very  rapid,  and  it  sometimes 
happens  that  the  spot  leaves  the  scale  before  70°  is  reached.  This  is  usually 
the  case  with  horse  serum  (which  is  normally  more  viscous  than  rabbit 


serum).  It  happens  rarely  in  the  case  of  rabbit  serum,  the  protein  content 
of  which  is  usually  lower  than  that  of  serum  from  other  animals,  in  pa 
ticular  horse  serum.  Fig.  3  shows  that  it  was  necessary  to  keep  the  t  - 
ncrature  at  70°  for  2  minutes  in  order  to  send  the  spot  off  the  scale,  it 
to  be  noted  that  when  fresh  serum  is  used,  important  fluctuations  are  fr  - 
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quently  observed  between  45°  and  55°.  These  were  never  observed  when 
the  serum  had  been  subjected  to  a  temperature  of  56°  even  for  5  minutes, 
or  when  it  was  old.  It  appeared  to  us  that  it  might  be  interesting  to  follow 
the  phenomenon  more  closely,  and  to  try  to  determine  whether  the  temper¬ 
ature  played  a  specific  part  in  the  changes  of  viscosity,  or  whether  the 
time  of  heating  was  the  chief  factor — in  other  words,  whether  heating  for 
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A  similar  experiment  is  shown  in  Fig.  4  (horse  serum) .  However,  instead 
of  carrying  the  heating  to  the  time  when  the  spot  goes  off  the  scale,  it  was 
stopped,  and  the  liquid  was  allowed  to  cool,  according  to  the  technique 
previously  described.  The  white  circles  express  the  values  of  the  serum 
heated  1  hour  at  50°.  The  black  circles  are  the  values  taken  by  the  heated 
serum,  on  cooling,  after  having  been  kept  at  57°  for  5  more  minutes.  In 
general,  no  difference  can  be  detected  between  heated  and  unheated  serum 


when  the  serum  is  not  heated  above  55°.  Up  to  50°  the  curve  expres ;smg  th 
viscosity  of  serum  as  a  function  of  temperature  >s  paraUeJ 
water,  Li  its  proteins  play  no  part  at  aU  or  rather 

to  displace  the  curve  as  a  whote  ^m  5  ,  attained  around 

served;  it  goes  on  increasing  until  tne  mimimu  •  oositv  of 

56°  Heating  for  1  hour  at  50°  fails  to  alter  permanently  the  viscos.ty 
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serum.  The  phenomenon  is  entirely  reversible,  as  in  the  preceding  case 
(Fig.  5). 

Heating  for  15  minutes  at  55°  gives  the  same  results.  But  as  the  heat 
was  brought  up  to  56°  in  one  series  of  measurements,  while  it  was  stopped 
at  55°  in  the  other  (Fig.  6),  a  small  but  marked  difference  could  be  detected 
between  the  two  cooling  curves.  Taking  evaporation  into  consideration,  the 
slight  increase  in  viscosity  of  the  serum  heated  to  55°  can  be  accounted  for, 
but  the  difference  between  this  sample  and  the  one  brought  up  to  56°  is 


relative^Ucosity^reaches^To ‘^The'sa  °men°n  •“  n°  l0ngei'  reversible:  the 

rrr  i  ~  “ 

mended  on  (s^ 

*.e.  For  the  sake  of  simplicity,  we  often  denote  it  as 
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from  our  experiments  it  appears  that  56°  is  the  lowest  temperature  at 
which  an  irreversible  phenomenon  affecting  its  viscosity  occurs  in  rabbit 
serum  in  15  minutes.  However,  an  exception  to  this  rule  was  once  found. 
But  if  the  heat  is  kept  for  30  minutes  at  56°  (Fig.  7),  the  mean  value  of 
t]  climbs  to  1.77,  and  higher  still  on  cooling.  On  the  other  hand  in  certain 
cases,  5  minutes  at  56°  (dog  serum)  may  bring  forth  no  change  at  all. 


Another  serum,  the  viscosity  of  which  was  normally  high, Jheated M ,58' 
and  cooled  immediately  after 

ST, s- ‘.V  3 .. «•  «•  - — - 

up  to  1.95. 
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Another  serum  heated  for  1  hour  and  2  hours,  at  58°  (Fig.  8)  reaches  a 
viscosity  of  1.85  (mean  value),  with  a  maximum  of  1.90.  One  hour’s  heating 
of  this  serum  at  60°  failed  to  affect  it  more  than  one  hour  at  58°. 

Fig.  9  is  self-explanatory.  The  serum  was  heated  in  the  cup,  for  5 
minutes,  in  all  cases.  As  the  temperature  goes  up,  the  different  samples 


show  a  similar  behavior;  but  on  cooline  the  Hiff. 

curves  according  to  the  temperature  reached  continueT068  Ween  the 

ever,  up  to  62°  no  sign  of  structure  in  th!  1  l  increase.  How- 
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ing  which  combinations  of  temperature  and  of  time  determined  the  same 
increase  in  viscosity.  The  question  then  arises  as  to  what  the  increase  in 
viscosity  is  due  to,  and  how  it  can  be  interpreted. 

Discussion 

In  our  experiments  the  concentration  remains  constant,  yet  the  viscosity 
increases.  On  the  other  hand,  Einstein5  states  that  the  degree  of  dispersion, 
i.e.,  the  size  of  the  molecules  or  particles,  is  immaterial,  and  that  viscosity 
can  be  expressed  as  a  linear  function  of  the  volume  fraction  of  the  dispersed 
substance,  according  to  the  formula 


(l) 


i)  =  1  4-  2.5<p 

which  is  an  approximation  of  the  expression 

1  +  0.5^3 


(2) 


V  (1  -  <p)2 


where  v  stands  for  the  relative  viscosity  of  the  suspension,  and  cp  for  the 
volume  occupied  by  the  dispersed  substance  expressed  as  a  fraction  of  the 
total  volume  of  the  solution.  These  equations,  however,  fail  to  express  the 
experimental  facts.  The  reason  for  this  lack  of  agreement  is  not  clear. 
But  Kunitz  has  proposed  an  empirical  formula  which  applies  remarkably 
well  to  a  number  of  widely  different  cases,  including  lyophilic  and  lyophobic 
sols,  and  within  large  limits  of  concentration.  This  formula  is 


figures  at  all.7 
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On  the  other  hand,  we  can  apply  Kunitz’s  formula  (Table  1)  which  we 
know  fits  the  experimental  facts  very  satisfactorily;  but  then  the  main 
assumption  of  Einstein  concerning  the  role  of  the  degree  of  dispersion, 
which  is  a  consequence  of  his  mathematical  derivations,  may  not  hold  any 
longer.  Therefore,  it  does  not  seem  possible,  at  present,  to  decide  whether 
the  figures  computed  in  this  way  express  quantitatively  the  increase  due  to 
hydration  alone,  or  whether  some  other  phenomenon  is  also  responsible  for 
it  to  a  certain  extent.  However,  column  6  has  been  tentatively  designed 
as  “hydration.” 


Table  1.  Viscosity  of  Rabbit  Serum  3,  Heated  at  Different  Temperatures,  and  Values  of 
<p  and  tp/C  Computed  from  Kunitz’s  Formula  (see  Figs.  9  and  10). 

C  =  Mean  Concentration  of  Proteins  in  the  Serum  =  6.5  per  cent 


1 

2 

3 

4 

5 

6 

7 

Relative 

Viscosity 

V 

% 

<p 

(%) 

Specific 

Volume 

v/C 

Specific 
Volume  of 
dry  Proteins 

Ratio: 

Col.  3 

Col.  4 

Increase  %  of 
specific  volume 
(Hydration?) 
(%) 

Increase  in 
Hydration  due 
to  Heating 
(%  unheated) 

1.65 

10.7 

1.645 

0.785 

2.09 

1091 

unheated 

1.69 

11.2 

1.720 

U 

2.19 

119/ 

serum 

1.88 

13.3 

2.030 

(( 

2.58 

158 

39 

2.03 

14.8 

2.275 

U 

2.90 

190 

71 

2.30 

17.2 

2.650 

u 

3.37 

237 

118 

2.62 

19.8 

3.050 

u 

3.88 

288 

169 

2.95 

21.8 

3.350 

u 

4.27 

327 

208 

All  that  can  be  said  is  that  it  expresses  the  increase  per  cent  of  the 
specific  volume  of  the  serum  proteins.  It  is  interesting  to  note  that  the 
gures  expressing  “hydration”  obtained  from  Einstein’s  formula  (3)  are 
arger  (3.71  times)  than  those  obtained  from  Kunitz’s  formula  (1),  and  that 
this  ratio  remains  constant  up  to  a  viscosity  of  2.03.  From  this  figure  up  the 
iscrepancy  begins  and  increases  rapidly  with  increasing  viscosity. 

Fig.  10  suggests  another  observation:  the  dotted  curve  (viscosity  162) 
was  Obtained  with  a  sugar  solution  (glucose  20  per  cent).  The  concentra- 
on  is  3  times  that  of  serum.  Hence,  serum  may  be  said  to  behave  exactly 
like  a  true  solution,  as  a  function  of  temperature,  up  to  nearly  55“  It  is 
surprising  that  such  a  concentrated  solution  of  proteins  should  have  such  a 
low^viscosity.  When,  by  diluting  the  serum,  its  specific  volume "s  mad! 

^  »«*•>  KouW  lead  to  .  ,ower 

to  be  no  doubt  that,  after  heating,  the  size  of  thp  no  C  ^  contrai7’  and  there  seems 
the  limit  of  the  phenomenon.  Perusal  of  FreundliDi^  U  Cs  lncreases>  since  coagulation  is 

*>■  367  an^^oll^^n^^S^^tcd ^wilf^ejmy 
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equal  to  that  of  the  sugar  solution,  its  viscosity  is  much  less  than  that  of 
the  latter. 

The  study  of  the  viscosity  of  blood  serum  as  a  function  of  temperature, 
performed  by  means  of  a  new  instrument,  has  revealed  the  following  facts: 

(1)  The  curve  representing  the  variations  in  viscosity  shows  an  absolute 
minimum  located  around  56°. 

(2)  On  either  side  of  this  minimum  viscosity  increases,  but  much  more 
rapidly  with  increasing  temperatures. 

(3)  When  a  serum  is  heated  to  55°  in  a  sealed  tube,  its  viscosity  is  not 
manifestly  increased  even  though  the  heating  is  kept  up  for  one  hour. 

(4)  In  general,  beyond  56°  an  irreversible  increase  of  viscosity  takes 
place  even  when  this  temperature  is  maintained  for  only  5  minutes.  How¬ 
ever,  a  few  exceptions  have  been  observed  in  which  this  phenomenon  begins 
only  around  58°. 

(5)  Each  degree  above  56°  brings  forth  an  irreversible  increase  in  the 
viscosity  of  serum;  this  viscosity  can  thus  be  almost  trebled  without  trace 
of  coagulation  and  there  is  no  indication  of  a  structure  in  the  serum. 

(6)  By  applying  to  this  phenomenon  the  ideas  of  Einstein  and  by  using 
the  formula  of  Kunitz  we  have  computed  the  increase  in  the  specific  volume 
of  the  proteins  in  a  given  serum.  If  we  admit,  as  seems  logical,  that  this 
increase  is  due  to  the  fixation  of  water  on  the  serum  molecules,  these  figures 
express  the  degree  of  hydration  at  different  temperatures.  At  normal  tem¬ 
perature,  and  up  to  55°,  the  hydration  would  be  around  120  per  cent.  It 
reaches  more  than  300  per  cent  under  certain  conditions,  and  probably  goes 
on  increasing.  But  the  viscosimetric  method  which  we  used  at  the  time 
made  it  difficult  to  measure  greater  viscosities.  The  new  instrument  de¬ 
scribed  in  this  chapter  (Fig.  1)  would  make  these  measurements  easy  It 
will  be  seen  in  the  succeeding  chapters  that  we  circumvented  this  problem 

by  using  an  optical  method. 


t 


Chapter  4 

Rotatory  Power  and  Rotatory  Dispersion  of  Serum 
As  a  Function  of  Time  and  Temperature 


The  preceding  facts  led  us  to  think  that  another,  more  fundamental 
problem  existed  which  was  the  immediate  consequence  of  heating  at  a  given 
temperature.  In  that  case,  this  phenomenon  would  be  the  determining 
cause  both  of  the  changes  in  the  biological  properties  and  of  the  modifica¬ 
tions  in  the  nature  of  the  relations  between  the  affected  molecules  and  the 
molecules  of  the  solvent.  These  transformations  should  also  bring  about  a 
difference  in  the  interrelations  between  the  protein  molecules.  It  was  logical 
to  assume  that  this  fundamental  phenomenon,  common  cause  of  the  biological 
and  physico-chemical  alterations,  was  of  a  chemical  nature,  i.e.,  that  it 
affected  the  very  structure  of  the  serum  molecules. 

If,  besides  the  minimum  of  viscosity  and  the  destruction  of  the  comple¬ 
ment,  a  third  phenomenon,  revealing  a  profound  alteration  of  the  structure 
of  the  molecule,  could  be  shown  to  exist  in  the  neighborhood  of  the  critical 
temperature,  we  could  deduce  therefrom  that  the  two  first  phenomena  are 
direct  consequences  of  the  third.  It  was  with  this  idea  in  view  that  we 
studied  the  rotatory  power  of  different  sera,  at  temperatures  ranging  from 
0°  to  70°. 


Technique  and  Experiments1 

The  measurements  were  made  with  the  Jobin  &  Yvon  high-precision, 
half-shade  polarimeter,  which  gives  readings  accurate  to  l/100th  of  a  degree! 
All  the  cells  employed  were  10  centimeters  long.  The  source  of  light  was  a 
mercury-vapor  lamp.  The  light  rays  passed  through  a  monochromator, 
the  control  of  the  monochromator  was  close  at  hand  so  that  the  wave 
ength  could  be  rapidly  changed  in  order  to  study  the  rotatory  dispersion . 
The  mdigo  line  (A  =  4,358  Angstroms) ,  though  very  intense,  was  completely 
sor  e  Ve  were,  therefore,  obliged  to  use  the  green  line  (A  =  5  461  Ang- 

t°”d  linear  72^^  T,  5’769  and  5’79°  A  t0gether)’  and 

e  ed  line  (A  -  6,234  A).  The  serum  was  contained  in  carefully  stoppered 

EteSH7  in  SeaIed  tUb7  and  kept  at  the  d^ d 

, ,  g  Thermos  bottles  equipped  with  agitators.  The  temperature,  which 
Lecomte  du  Noiiy,  Ann.  Inst.  Pasteur,  43,  749  (1929). 
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was  frequently  controlled,  did  not  vary  by  more  than  ±0.25°,  during  ex¬ 
periments  which  lasted  about  one  hour, 

For  the  second  series  of  experiments  (coefficient  of  temperature)  men¬ 
tioned  in  this  chapter,  it  was  necessary  to  set  up  a  special  apparatus  in  the 
following  manner.  We  used  a  10-centimeter  water- jacketed  cell  of  small 
diameter  equipped  with  a  thermometer.  The  water  was  electrically  heated 
and  kept  moving  in  a  closed  circuit  by  a  small  pump;  The  pump  kept  the 
liquid  in  rapid  circulation  and  the  temperature  was  regulated  by  an  appro¬ 
priate  rheostat.  When  starting  with  low  temperatures,  the  water  was 
circulated  through  a  coiled  metallic  tube  immersed  in  melting  ice  or  in  a 
refrigerating  mixture.  The  passage  from  0°  to  55°,  was  continuous  and  as 
slow  as  desired.  When  the  temperature  of  the  room  was  reached  (about  20°) 
the  electric  heating  was  brought  into  play.  By  cutting  off  the  current  it  was 
possible  to  keep  the  temperature  sufficiently  constant  for  several  minutes 
owing  to  the  calorific  inertia  of  the  whole  and  the  isolating  precautions 
which  were  taken. 

The  results  of  the  experiments  will  be  presented  in  the  following  order: 
(1)  influence  of  time;  (2)  influence  of  temperature,  from  0°  to  55°  (coeffi¬ 
cient  of  temperature) ;  (3)  influence  of  a  given  temperature  as  a  function  of 
time;  (4)  rotatory  dispersion. 

(1)  Influence  of  Time.  To  begin  with,  it  was  necessary  to  study  the 
spontaneous  changes  which  might  affect  the  rotatory  power  of  serum  as  a 
function  of  time.  (As  is  well  known,  serum  is  always  levo-rotatory.) 

With  this  end  in  view  the  rotatory  power  was  measured  at  different 
intervals  of  time.  The  figures  in  the  tables  and  diagrams  correspond  to  the 
value  of  the  change  in  the  angle  of  the  polarization  plane.  As  we  were 
interested  only  in  the  variations,  we  did  not  think  it  worth  while  to  cal¬ 
culate,  for  each  measurement,  the  specific  rotatory  power  expressed  by 


where  a  =  the  change  in  the  angle  of  the  polarization  plane;  L  —  the  length 
of  the  cell  in  decimeters,  and  y  =  the  concentration  in  grams  per  cc  of 
solution. 

The  specific  rotatory  power  varies  according  to  the  sera.  Its  mean 
value  is  [a]20  =  58  for  the  green  line  (A  =  5,461  A),  [a]-0  =  49  for  the 
yellow  line  (A  mean  =  5,780  A),  and  [a]20  =  40  for  the  red  line  (A  =  6,234 
A).  The  extreme  values  observed  for  the  green  line  were  [a]2461  —  52  and 
[a]|®61  =  62  (normal  horse  serum) . 

The  sealed  tubes  were  divided  into  two  lots.  One  was  kept  in  an  ice-box 
at  +2°,  and  the  other  simply  in  a  drawer  at  normal  temperature. 

This  experiment  shows  that,  under  these  normal  conditions,  no  changes 
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Table  2.  Serum  No.  889,  Horse,  Exp.  No.  40,  X  =  5,780  A  (yellow),  Mean. 


Time 

0 

lh. 

2h.30 

3h.30 

4h,30 

5h.30 

6b. 30 

7h.30 

a 

3.68° 

3.68° 

3.66° 

3.66° 

3.66° 

3.66° 

3.66° 

3.66° 

superior  to  acceptable  experimental  errors  appear  in  7V2  hours.  However, 
occasionally  these  modifications  can  attain  a  more  important  value,  as  is 
proved  by  Table  3  which  covers  only  35  minutes. 


Table  3.  Normal  Horse  Serum  No.  2.  Exp.  No.  42. 

Values  of  a  read  successively  between  3h.l5  and  3h.50,  X  =  5,780  A 


Sample  in  ice-box 

a 


Sample  at  room  temperature 
a 


3.80° 

3.90° 

3.88° 

3.87° 

3.87° 


3.85° 

3.85° 

3.90° 

3.90° 

3.88° 


The  differences  here  attain  0.08°,  for  the  sample  in  the  ice-box. 

Table  4  gives  the  results  of  an  experiment  extended  over  fifteen  days. 

It  can  be  seen  that  the  figures  show  a  maximum  deviation  of  0.11°. 
These  deviations  are  not  entirely  due  to  errors  in  the  readings,  for  these 


Table  4.  Normal  Horse  Serum  No.  1.  Exp.  No.  42. 


Days 

l 

3 

6 

9 

13 

15 

Maximum 

deviation 

Room  temp: 

X  =  5,780  A 

X  =  5,461  A 
Ice-box : 

3.83° 

4.45° 

3.88° 

4.43° 

3.90° 

4.51° 

3.90° 

4.45° 

3.85° 

4.41° 

3.86° 

4.51° 

0.07° 

0.10° 

X  =  5,780  A 

X  =  5,461  A 

3.86° 

4.51° 

3.85° 

4.40° 

3.88° 

4.46° 

3.79° 

4.40° 

3.89° 

4.43° 

3.86° 

4.42° 

0.10° 

0.11° 

errors  are  never  greater  than  ±  0.03“.  They  are,  therefore,  determined  by 

les  oTTos CciuTS  “  ,  r°tat0ry  P°Wer  °f  the  serum  which<  in  certain 

cases  only,  oscillates  around  a  mean  value.  But  generally— up  to  40  days— 

time  does  not  seem  to  modify  systematically  the  rotatory  power  of  a  given 

experi^fer^s^ldchttne  7  T  °f  magnitu0c  °f  the 

study  of  the  actioTor^erature  C°ntr01’  “d  'TC  Can  Saf^  start  the 
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(2)  Temperature  Coefficient.  Table  5  gives  the  results  of  a  series  of 
experiments  made  on  normal  serum.  The  figures  represent  the  values  of  a 
obtained  by  subtracting  the  dial  reading  from  360°. 

The  serum  was  left  in  the  cell  on  the  polarimeter,  and  the  next  day 
(22  hours  later)  the  experiment  was  repeated,  as  the  serum  had  spon¬ 
taneously  cleared  (Table  6) . 

It  is  evident  that,  at  the  three  wave  lengths  employed,  there  is  no  sys¬ 
tematic  change  in  the  rotatory  power  up  to  54°.  The  rotatory  dispersion  is, 


Table  5. 


Temp.  (°  C) 

22° 

25° 

31° 

35° 

39° 

45° 

Observations 

Green  line 
Yellow  line 
Red  line 

4.20° 

3.60° 

2.93° 

4.17° 

3.62° 

unreada 

4.20° 

3.60° 

ble 

4.25° 

3.60° 

4.23° 

3.62° 

4.22° 

3.64° 

Readings  difficult 
beyond  35°  because 
of  darkening  of  the 
field 

therefore,  also  constant  and  the  partial  dispersion  between  the  yellow  and 
green  lines,  i.e.,  055401  —  ®578o>  has  a  mean  value  of  0.57°.  This  same  serum, 
which  had  been  kept  in  its  tube  (and  which  therefore  had  been  subjected  to 
successive  heating  at  all  the  temperatures  indicated  in  Table  6)  was  ex¬ 
amined  again  24  hours  later  at  room  temperature.  The  values  obtained 
were:  a  =4.55°  for  the  green,  and  a  =  3.90°  for  the  yellow.  It  can  be  seen 
that  this  time  the  heating  had  determined  an  irreversible  phenomenon  in  the 
serum,  the  angle  increasing  from  oc  =  4.21°  (mean  value)  to  4.55  and  from 
a  =  3.63°  (mean  value)  to  3.90°.  The  rotatory  dispersion  is  also  affected 
and  its  partial  value  055461  —  «578o  is  0.65°  instead  of  0.57  . 


Table  6. 


Temp.  (°  C) 

22° 

25° 

30° 

32° 

36° 

43° 

49° 

52° 

54° 

60° 

5  m. 
at  60° 

10  m. 
at  60° 

Green  line 
Yellow  line 
Red  line 

4.23° 

3.67° 

2.94° 

4.21° 

3.65° 

4.23° 

3.67° 

3.07° 

4.23° 

3.65° 

4.16° 

3.63° 

4.22° 

3.64° 

3.05° 

4.22° 

3.66° 

4.22° 

3.67° 

3.03° 

4.22° 

3.68° 

4.28° 

3.71° 

4.33° 

3.78° 

4.43° 

3.85° 

As  we  thought  that  the  slight  variations  observed  Between  ^ 
night  be  due  to  errors  in  the  readings,  this  experiment  was  repeated  under 
letter  conditions  by  neglecting,  momentarily  the  rotatory  dupenum >  ^ £ 
w  working  with  a  constant  wave-length.  When  the  angle  of  rotation,  corre 
noXg  to  a  perfect  matching  of  the  fields,  is  set  on  the  instrument,  the 
worker  can  immediately  distinguish  small  differences  when  they  occur,  bu 
rnot  constantly  obliged"  to  equalise  the  fields  in  Afferent  colors,  a  procedure 
which  gives  rise  to  errors,  varying  with  the  personal  coefficien  . 
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All  these  measurements  were  made  with  the  yellow  lines,  as  this  w  ave 
length  is  most  frequently  used,  and  started  at  the  temperature  of  10 
(Table  7). 

Similar  results  were  obtained,  under  the  same  conditions,  when  using 


green  light. 

Table  7.  Duration  of  Experiment  1  Hour 


Temp.  (°  C) 

10° 

20° 

22° 

35° 

45° 

50° 

Yellow  5,780  mean 
Observations 

a 

4.03° 

4.03° 

obscure 

4.03° 

clear 

4.03° 

4.03° 

4.03° 

It  can  therefore  be  stated  that  the  rotatory  power  of  serum  is  constant 
for  A  =  5.461  (green)  and  A  =  5.780  (mean  yellow),  and  that  this  is  also 
true  for  the  rotatory  dispersion,  from  10°  to  50°.  There  is  no  temperature 
coefficient,  which  shows  that  there  are  no  changes  of  a  chemical  nature  in 
the  substances  in  solution  for  a  heating  time  of  up  to  thirty  minutes.  It 
is  extremely  probable  that  this  applies  to  all  the  visible  spectrum,  as  the 
few  measurements  which  could  be  performed  with  the  weak  red  line  were 
in  accord  with  the  others. 

The  phenomenon  of  the  darkening  of  the  fields  which  occasionally  hap¬ 
pens  without  apparent  cause,  or  under  the  influence  of  heating,  and  on 
which  we  shall  dwell  later,  seems  to  be  of  a  purely  physical  nature  and  does 
not  affect  the  readings  in  any  way.  A  curious  fact  is  that  this  darkening 
occasionally  decreases  spontaneously.  It  may  be  linked  to  an  unknown 
structural  or  dispersive  condition  of  the  solution. 

(3)  Influence  of  Temperature  as  a  Function  of  Time.  The  fact  having 
been  established  that  serum  was  not  affected  optically  by  progressive 


Table  8.  Prolonged  Heating  at  50°.  (Exp.  No.  20).  Normal  Horse  Serum  No.  1. 


Time 

0 

(unheated) 

10  min. 

20  min. 

40  min. 

60  min. 

2  hours 

Green 

Yellow 

Red 

4.24° 

3.68° 

2.95° 

4.24° 

3.68° 

3.03° 

4.29° 

3.72° 

3.10° 

4.31° 

3.72° 

3.13° 

4.37° 

3.77° 

3.13° 

4.35° 

3.77° 

3.13° 

heating  up  to  50°,  it  became  necessary  to  study  the  influence  of  prolonged 
time  of  heating.  For  the  sake  of  clearness  and  in  order  to  avoid Tates  of 
fibres  m  winch  the  results  of  an  experiment  as  a  whole  do  not stand  Lt 

others^y'curves'whtchenaWeth^read^to take^n”™^8  ^ 

at  a  glance  (Table  8) .  k  a  series  of  measurements 
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This  experiment  shows  that  up  to  20  minutes  of  heating  the  value  a  is 
about  constant  (the  difference  being  of  the  order  of  magnitude  of  experi¬ 
mental  error) .  After  one  hour  there  is  a  slight  increase,  the  mean  value  of 
which  is  0.10°.  Two  hours  of  heating  do  not  modify  these  values.  This  in¬ 
crease  is  not  always  observed,  and  in  none  of  our  experiments  was  the 
increase  greater  than  that  which  could  be  attributed  to  experimental  error. 

The  results  of  heating  at  52°,  54°,  56°,  and  58°,  are  given  in  Fig.  11. 
In  order  to  be  able  to  compare  the  curves  we  drew  them  all  on  the  same 


chart  and,  as  the  value  of  the  rotatory  power  of  unheated  serum  is  not 
always  the  same,  we  displaced  the  whole  curve,  when  necessary,  by  an 
amount  equal  to  the  difference,  so  as  to  give  them  all  about  the  same  start¬ 
ing  point.  For  instance,  the  curve  for  58°,  which  showed  the  greatest 

deviation,  was  raised  by  0.08°. 

These  curves  show  that  above  58°  (in  this  experiment)  the  rate  of  the 

phenomenon  increases  rapidly. 

Fig  12  shows  the  aspect  of  the  curves  between  60  and  66  .  Above  5 
it  is  impossible  to  make  measurements  on  serum  heated  for  60  minutes, 
and  the  darkening  of  the  fields  increases  more  rapidly  in  proportion  to 
rise  in  temperature.  This  phenomenon  limits  the  observation,  and  every- 
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thing  takes  place  as  if  the  angle  a  could  not  increase  beyond  a  certain 
value  for  a  tube  of  a  given  length.  As  we  have  already  pointed  out,  this 
darkening  is  a  consequence  of  heating,  but  does  not  affect  the  readings. 
When  a  clear  serum  becomes  dark  during  an  experiment,  which  sometimes 
happens,  a  keeps  the  same  value  until  the  moment  when  the  reading  becomes 
impossible. 


Fig.  12.  Normal  horse  serum  (Exp. 
N°22  cont.)  Variations  or  a  as 
a  function  of  time,  at  different 
temperatures  (from  60°  to  66° 
C.).  X=5461,  5780  and  6434  A. 


Certain  sera  are  normally  opaque,  and  it  sometimes  happens  that  thev 
clear  spontaneously.  Fig.  13  indicates  the  duration  of  the  time  0f  heaW 
before  absolute  darkening  sets  in  for  a  normal  horse  serum  The  rZi 

con ^tive^o  Seating  6  but  actual!  S  V  ^  ^  *  WeU  defined  P^enomen^ 
This  problem  deserves’  further  investiga^r°SSlble  ‘°  k"°W  m°re  ab°Ut  iL 

the  increase  in  rotator/pow^we  °f  ^  phenomenon  of 

tl0D  °f  temperatoe  durin?  ^e  first  minute  of  heating^  °U).  Vhis'Z 
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Fig.  13.  Time  of  heating  after  which  readings  are  still  possible  before  complete  dark¬ 
ening  of  the  fields  in  the  polarimeter. 


Fig.  14.  Increase  of  «  per  minute  ("rate”  of  modification  of  the  rotator  power)  during 
first  5  minutes  of  heating. 


ho  taken  as  expressing  the  rate  of  increase  per  minute  during  the  first  5 
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greater  than  that  of  the  experimental  errors  around  57°,  and  that  the 
acceleration  becomes  very  nearly  constant  around  58°.  These  facts  will  be 
discussed  later. 

The  increases  in  <x  for  a  normal  serum  heated  for  5,  10,  20,  40,  60,  and  120 
minutes  are  shown  in  Fig.  15.  It  can  be  seen  at  a  glance  that  the  alteration 
in  the  serum  after  heating  depends  less  on  the  time  of  heating  than  on  the 
temperature.  Serum  must  be  heated  for  two  hours  at  55°  in  order  to  obtain 


approximately  the  same  results  as  those  brought  about  by  heating  five 

minutes  at  61  .  Two  hours  at  58°  are  equivalent  to  five  minutes  at  63° 
as  far  as  a  is  concerned.  ’ 

All  the  preceding  results  were  obtained  with  normal  serum.  It  seems 

Figs  TanTf*  Tm  re“t8  ^  "  Simi'ar  Way’  aS  Can  be  Peered  from 
Figs.  17  and  18  when  compared  to  Fig.  16.  They  also  indicate  that  the 

burthatThc°™f0ryfP0Wer  Vari6S  considerab>y  fro“  one  animal  to  another 

15  16  Ld  17  tb  funCTeaSe  18  approximate'y  the  same.  Indeed,  in  Fig  ’ 
,  6,  17,  the  three  corresponding  curves  can  be  superposed  (heating 
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Fig.  16.  Increase  of  the  rotatory  power  of  horse  serum  (a)  after  5,  20  and  60  minutes 
heating  as  a  function  of  temperature. 


Fig.  17.  Increase  of  the  rotatoiy  power  of  immunized  horse  serum  (Perfnngens)  as  a 
function  of  temperature.  5  minutes  heating. 


for  5  minutes)  if  one  takes  into  account  the  displacement  due  to  the  dif¬ 
ferent  concentrations  in  proteins.  These  curves  clearly  indicate  the  existence 

of  a  critical  temperature  in  the  serum.2 


*  A  serum  kept  for  48  hours  in  an  incubator  at  38°  does  no  show  any  increase  o  « 
greater  than  that  which  may  result  from  experimental  error  (horse).  After  96  ho  . 
although  the  serum  is  absolutely  clear  to  the  eye,  it  is  generally  completely  obscure  in 
polarimeter  and  a  measurement  becomes  impossible. 
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(4)  Rotatory  Dispersion.  The  curves  in  Figs.  17  and  18  were  obtained 
with  monochromatic  lights  of  different  wave  lengths  and  indicate  the  gen¬ 
eral  aspect  of  the  phenomenon.  If,  as  was  done  above,  we  agree  to  call 
partial  rotatory  dispersion  the  difference  between  the  values  of  a  in  green 


Fig.  18.  Increase  of  <*  as  a  function  of  temperature.  Immunized  horse  serum  (cobra 
venom).  5  minutes  heating. 


monochromatic  light  (A  —5,461  A)  and  in  yellow  monochromatic  light 

(A  (mean)  =  5,780  A) ,  we  obtain,  for  the  mean  value  of  twenty-two  series  of 
experiments,  the  figure: 


<*s46i  —  <*678o  =  0.543°.  (Table  9.) 


Table  9.  Observed  Values  of  the  Partial  Rotatory  Dispersion  of  Normal  Horse  Serum 


0.48° 

0.44 

0.55 

0.53 

0.57 

0.60 

0.49 

0.53 

0.53 

0.65 

0.55 


Mean  Value  =  0.543° 


0.41° 

0.55 

0.54 

0.57 

0.57 

0.56 

0.60 

0.56 

0.52 

0.55 

0.54 

(unheated.) 
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Table  10  gives  the  values  of  a546i  —  a578o  obtained  with  heated  sera.  As 
the  amplitude  of  the  phenomenon  is  not  very  great,  we  have  recorded  in  this 
table  the  highest  values,  in  each  experiment,  which  preceded  the  darkening 
of  the  fields.  These  values  correspond  to  different  times  of  heating  and 
temperatures.  It  is  nevertheless  clear  that  the  increase  in  the  partial 
rotatory  dispersion  varies  relatively  little.  Occasionally  a  value  of  0.90° 
for  a  heating  of  3  minutes  at  67°  was  observed,  and  a  low  value  of  0.48°  for 
a  heating  of  2  minutes  at  70°.  It  is  actually  impossible  to  understand  clearly 
the  mechanism  of  these  phenomena,  and  we  must  content  ourselves  with 
very  approximate  statistical  observations. 


Table  10 


Serum  No. 

(°  C) 

Temp. 

Time  of  Heating 
(hours) 

1 

54 

2.00 

2 

56 

2.00 

3 

56 

2.00 

4 

57 

2.00 

5 

58 

1.30 

6 

58 

1.00 

7 

59 

1.30 

8 

59 

1.00 

9 

60 

0.20 

10 

61 

0.40 

11 

61 

0.20 

12 

61 

0.20 

13 

61 

0.20 

14 

61 

0.05 

15 

62 

0.05 

16 

63 

0.05 

17 

64 

0.05 

18 

64 

0.05 

19 

65 

0.05 

20 

66 

0.05 

£*5461  —  £*6780 


0.61 

0.64 

0.64 

0.60 

0.66 

0.65 

0.76 

0.74 

0.70 

0.71 

0.71 

0.75 

0.71 

0.66 

0.66 

0.74 

0.75 

0.73 

0.71 

0.66 


13.79/20  =  0.689° 


It  is  clear  that  there  has  been  an  increase  of  the  partialrotatory  dis¬ 
persion,  as  the  mean  value  for  the  unheated  serum  is  0.543  and  for 

heaDfscusron  ^Thc"  itetd.ng  resultfare  particularly  interesting  when 
considered  in  connection  with  those  condensed  in “ s^ure  This 
dealing  with  the  viscosity  of  serum  as  a ™  are  brought  together, 

r  *-  °f  the  -*■" 

above  52°  there  is  a  slight  deviation  in  t  ►  y 
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temperature  a  slight  increase  in  the  rotatory  power  can  be  observed.  Around 
55-57°  viscosity  stops  decreasing.  At  the  same  temperature  the  rotatory 
power  clearly  begins  to  increase.  At  58°  viscosity  increases,  and  around 
61-62°  the  increase  becomes  very  rapid.  The  increase  of  the  rotatory  power 
follows  the  same  upward  progression.  But  the  two  phenomena  are  slightly 


a  5780 
4.70 

4.60 

4.50 

4.40 

4.30 

4.20 

4.10 

4.00 


Fig.  19.  Curves  expressing  the  viscosity  and  the  increase  of  tb 
serum  as  a  function  of  temperature. 


rotatory  power  of 


^placed  with  respect  to  each  other.  The  phenomenon  of  the  rotation  of 
the  polarisation  plane  always  precedes  the  increase  of  viscosity. 

Now,  the  viscosity  curve  represents  one  or  several  physico-chemical 

tamicelleT*  ete^  The°  0^  m.°leCUles’  PerhaPs  agglomeration  of  molecules 

phenomena,  that  is,  affeeSrthrs^^Mdafe^hyricrMd  0^“! 

an  important  factor.  1  °°  ^  reasons  whlch  led  us  not  to  admit  this  last  mechanism  as 
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extremely  probable  that  the  structural  alterations  revealed  by  the  polarimeter 
are  basically  related  to  the  modifications  of  viscosity,  and  in  particular  to 
the  existence  of  the  absolute  minimum.  Moreover,  they  are  the  origin  of 
the  profound  changes  in  the  biological  properties  of  serum. 

A  new  optical  phenomenon  which  manifests  itself  by  the  darkening  of 
the  fields  in  the  polarimeter  limits  the  readings.  Everything  takes  place  as 
if  the  angle  of  rotation  could  not  increase  beyond  a  certain  limit  imposed  by 
this  darkening  which  is  perceptible  only  in  polarized  light.  Practically,  the 
increase  does  not  exceed  0.70°  to  0.80°.  In  one  exceptional  case  we  observed 
an  increase  of  1°.  This  phenomenon  probably  corresponds  to  the  struc¬ 
tural  state  of  the  serum.  It  does  not  affect  the  value  of  a  and,  as  we  have 
already  stated,  we  have  sometimes  observed  a  darkening  which  was  fol¬ 
lowed  by  a  clearing  without  the  reading  on  the  dial  being  changed. 

The  problem  which  now  confronts  us  is  simple  to  state  but  difficult  to 
solve.  What  is  the  nature  of  the  structural  modification  introduced  in  the 
serum:  does  it  affect  the  proteic  part  of  the  complex  lipo-proteinic  serum 
molecule,  or  another  part?  Does  it  consist  in  a  destruction  of  dextro-rotatory 
elements  or  in  a  liberation  of  levo-rotatory  elements?  These  questions  are 
fundamentally  important,  for  their  solution  would  shed  light  on  certain  prop¬ 
erties  of  living  matter  in  general,  for  which  a  temperature  of  56-60°  is 
equally  critical. 


Chapter  5 


Optical  Density  (Absorption)  and  Scattered  Light 
As  a  Function  of  Temperature 

The  results  obtained  by  our  measurements  of  viscosity  led  us  to  admit 
that,  as  a  consequence  of  heating,  there  was  an  increase  in  the  volume  of  the 
molecules  at  the  expense  of  the  surrounding  water.  On  the  other  hand,  we 
were  unable  to  measure  any  increases  in  specific  volume,  i.e.,  hydration, 
greater  than  327  per  cent. 

What  happens  beyond  this  point?  There  is  nothing  to  prove  that  hydra¬ 
tion  continues  up  to  complete  coagulation.  It  was  therefore  of  interest 
to  verify  our  hypothesis  by  another  experimental  method,  and  to  attempt 
to  go  beyond  the  limits  imposed  by  the  preceding  one.  To  accomplish 
this  we  used  two  methods  based  on  the  estimation  of  the  quantity  of  scat¬ 
tered  and  absorbed  light. 

It  was  indeed  probable  that,  as  the  volume  of  the  molecules  was  greatly 
increased,  the  quantity  of  scattered  and  absorbed  light  would  increase  as  a 
function  of  the  increase  in  volume.  In  order  to  try  to  confirm  this,  we 
measured  on  the  one  hand,  the  ratio  of  the  quantity  of  transmitted  light 
on  the  other  hand,  the  ratio  of  the  quantity  of  light  scattered  laterally,  to 
the  quantity  of  incident  light.  In  other  words,  in  the  first  case  we  measured 

In'  ??7no  °r  TTG  ?XaCtly  the  °ptical  density’  of  serum  h^ed  between 
20  and  ,0  ,  and  in  the  second  case  the  intensity  of  the  light  scattered  at 

right  angles  by  the  molecules  and  the  colloidal  particles  (Tyndall  light) 
at  the  same  temperatures.  s 

Experimental  Set-up.*  We  employed  the  Vernes,  Bricq  and  Yvon 

anS  iTnd  Tt  T  ^  ^  ™S  inst— t  is  well  knownt  France 

and  lends  itself  to  all  sorts  of  problems  (see  Fio-  2n'i  mi 

«» .i  <m  w  irsr"  •*  ■  y**r 

for  measuring  transmission  (density)  Th(  '  ’  U,ed  esel"«ly 

1  Lecomte  du  Noiiy,  Ann.  Inst.  Pasteur,  44,  109  (19M)  ^  fOT 
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measuring  scattered  light,  the  quantity  of  light  scattered  at  right  angles 
being  much  smaller  than  that  transmitted  directly.  In  both  cases  the  light 
beam,  after  passing  through  the  liquid,  or  after  its  scattering,  is  compared 
to  a  normal  beam  which,  if  necessary,  has  been  subjected  to  a  known  de¬ 
crease  of  intensity  by  means  of  red  filters  of  determined  density.  It  is 
evident  that  the  amount  of  scattered  light  will  increase  in  direct  proportion 
to  the  size,  opacity  and  number  of  particles  in  suspension.  The  richer  the 
solution  in  colloids,  the  more  intense  is  the  Tyndall  cone.  On  the  contrary, 
the  amount  of  light  which  passes  through  the  liquid  is  evidently  greater  if 
the  solution  is  clear.  The  readings ,  in  the  case  of  a  growing  opacity,  give 
figures  which  vary  inversely  with  the  density. 

The  measurements  were  made  in  the  following  way.  If,  in  order  to 
realize  the  equality  of  the  fields,  it  has  been  necessary  to  interpose  in  the 
path  of  the  right-hand  beam  of  light,  for  example  (that  which  passes 
through  the  cell)  a  filter  of  optical  density  D,  and  in  the  path  of  the  left-hand 
beam  (that  which  passes  through  the  wedge  by  means  of  which  optical 
equality  is  established) ,  a  filter  of  optical  density  g,  and  if,  moreover,  the 
wedge  has  been  moved  to  the  division  N,  the  density  8  of  the  absorbent 
under  observation  is  given  by  the  formula: 

5  =  0.62  +  0.017  x  N  +  g  -  D. 

(0.62  and  0.017  are  characteristic  factors  of  the  instrument). 

The  densities  of  the  different  optical  filters  have  the  following  values  in 

the  instrument  employed: 

On  the  left-hand  beam  ( measuring  wedge) : 

At  =  1.41  Bi  =  2.41 

On  the  right-hand  beam  ( absorbent  solution) . 

Ar  =  1.50  B r  =  2-49 

This  formula  is  applied  when  the  dark  red  filter  a  is  used. 

As  the  coefficients  of  reduction,  opacity,  density,  absorption  or  extinc¬ 
tion  are  used  interchangeably  by  different  authors,  it  may  not  be  superfluous 
to  remind  the  reader  of  the  significance  of  these  different  magnitudes. 

(1)  The  reduction  coefficient,  expressed  by  r,  is  equal  to: 

I 

r  Io 

Io  being  the  intensity  of  the  incident  beam,  and  I  that  of  the  emergent  beam. 
It  is  also  called  the  transmission  coefficient. 

(2)  The  opacity  is  expressed  by: 
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(3)  The  density,  8,  is  expressed  by : 

5  =  log  W  =  colog  r  =  log  y 

(4)  The  absorption  coefficient  is  defined  by 

I  =  he~Kl 

l  being  the  thickness  of  the  absorbent  in  centimeters.  All  the  cells  employed 
being  1  centimeter  thick,  we  have  {M  being  the  classical  modulus  0.434) : 


8  =  log  y  =  MK  and  K 


P-  (w  * 2-30) 


The  absorption  coefficient  is,  therefore,  nothing  but  the  density  multi¬ 
plied  by  the  constant  factor  2.30. 

(5)  The  coefficient  of  extinction,  mostly  employed  in  England  and 
America,  is  numerically  equal  to  the  reciprocal  of  the  thickness  capable  of 
reducing  the  intensity  of  light  to  1/10  of  its  value.  It  has  been  demon¬ 
strated  that  this  coefficient  is  expressed  by  the  negative  logarithm  of  the 
intensity  of  transmitted  light,  when  the  thickness  of  the  cell  is  1  centimeter. 

To  express  the  results  of  our  measurements  we  shall  use  the  density 
exclusively.  This  quantity  has  the  advantage  of  being  easy  to  handle  and 
of  having  a  clear  significance.  Indeed,  an  absorbent  of  density  2  has  an 
opacity  of  100  and  a  reduction  coefficient  of  1/100.  This  means  that  only 
l/100th  of  the  incident  light  can  pass.  An  absorbent  having  a  density  of 
3  has  an  opacity  of  1,000,  and  so  on. 

Itemust  be  remembered  that  8  is  a  logarithm,  which  means  that  a  value 
of  8  -  1,602,  for  example,  expresses  a  density  double  that  of  8  =  1  301.2 
This  notation  is  similar  to  that  usually  employed  for  pH. 

Experimental 


ATirn™atl!r  +°fi  Serum’  About  5  cc  of  serum  was  collected  after  exudation 
mediately  centrifuged  for  5  minutes  at  9,000  rpm.  In  general  it  was 

kept  m  corked  tubes  in  an  ice-box  until  the  next  morning.  Experiments 

:  :r  ss  ?!: 

bon,:  jz  iasermos 

variations  during  one  hour  of  It  resistance-  The 

&  e  nour  of  heating  were  not  over  =*=  0  25° 

is  equivalent  to  the  mulPpStion  by  ^of  "the  number1' ^  °f  th.is  ,n^mber  to  a  logarithm 

e  number  represented  by  the  logarithm. 
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In  Tables  11  to  14,  8  and  D  express  the  values  of  the  ratio  log  —  in  trans¬ 
mitted  and  in  scattered  light. 

Table  11  and  Fig.  20  give  the  results  obtained  with  serum  heated  for 
five  minutes  at  temperatures  varying  from  20°  to  70°,  and  then  cooled  to 


Table  11. 


(Experiment  No.  2). 


Fresh  Horse  Serum  Heated  for  Five  Minutes 


ABSORPTION 

SCATTERING 

Filter:  a 

Filter:  F 

Add.  Filter:  0  to  the  left. 

Add.  Filter:  B  to  the  left. 

“  A  to  the  right. 

“  0  to  the  right. 

Temp.  (°  C) 

Reading 

6 

Reading 

D 

20 

57.5 

0.10 

120 

5.84 

40 

59.5 

0.13? 

112 

5.67? 

50 

57.0 

0.09 

120 

5.84 

55 

57.0 

0.09 

121 

5.85 

57 

57.0 

0.09 

125 

5.94 

58 

57.0 

0.09 

125 

5.94 

62 

58.0 

0.10 

100 

5.44 

64 

60.0 

0.14 

86 

5.16 

66 

63.0 

0.19 

74 

4.94 

70 

(( 

It 

Coag.  45 

4.36 

Table  12.  (Experiment  No.  3).  Normal  Horse  Serum  Heated  for  Ten  Minutes 


ABSORPTION 

SCATTERING 

Filter:  a 

Add.  Filter:  0  to  the  left. 

••  “  A  to  the  right. 

Filter:  F 

Add.  Filter:  B  to  the  left. 

“  “  0  to  the  right. 

Temp.  (°  C) 

Reading 

6 

Reading 

D 

Unheated  (Ice-box) 
Unheated  (Room) 

50 

55 

57 

58 

60 

62 

64 

66 

68 

57.5 

57.5 

60.0 

58.5 

58.5 

58.0 

59.5 

61.5 

63.5 

65.0 

0.10 

0.10 

0.14 

0.11 

0.11 

0.10? 

0.13 

0.16 

0.20 

0.22 

126 

126 

121 

119 

125 

125? 

101 

85 

73 

62 

Coag.  42 

5.95 

5.95 

5.85 

5.78 

5.94 

5.94 

5.46 

5.14 

4.91 

4.70 

4.21 

room  temperature.  Table  12  and  Fig.  21  give  the  results  obtained  by  heating 
for  10  minutes.  In  the  latter  the  measurements  could  not  be  made  ^ 

because  the  serum  coagulated.  The  first  two  lnes  o  .  . . 

values  for  a  24-hours  old  serum.  It  can  be  seen  that,  as  in  Table  11,  the 
density  (measured  by  transmitted  light)  begins  to  increase  only  around  . 
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Fig.  20.  Absorption  and  scattering  of  light.  Normal  serum  heated  for  5 


Vo-psrjjjTQ;  g 
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Fig.  22.  Absorption  and  scattering  of  light.  Normal  serum  heated  for  20  minutes. 


On  the  contrary,  the  increase  in  scattered  light  begins  between  53  and 
55°.  Occasionally  (Figs.  20  and  21),  a  slight  decrease  in  the  scattered  light 
can  be  observed  at  50°  and  55°,  followed  by  an  increase  which  then  becomes 


Table  13.  (Experiment  No.  4).  Normal  Horse  Serum  Heated  for  Twenty  Minutes 

(See  Fig.  22) 


ABSORPTION 

SCATTERING 

Filter:  a 

Add.  Filter:  0  to  the  left. 

“  “  A  to  the  right. 

Filter:  F 

Add.  Filter:  B  to  the  left. 

“  “  0  to  the  right. 

Temp.  (°  C) 

Reading 

5 

Reading 

D 

20 

50 

55 

57 

58 

60 

64 

66 

68 

57.5 

60.0 

59.0 

57.0 

60.0 

60.0 

67.0 

Coag.  115.0 

120.0 

0.10 

0.14 

0.12 

0.09 

0.14 

0.14 

0.26 

1.07 

1.16 

125 

125 

125 

110 

97 

84 

64 

37 

39 

5.94 

5.94 

5.94 

5.64 

5.38 

5.13 

4.74 

4.21 

4.25 

constant  We  again  remind  the  reader  that,  as  the  lower  curve  -p— 
absorption  the  increase  of  optical  density  expresses  increasing  opacity 
whels  the  top  curve,  which  is  bent  downward,  expresses  the  increase  of 
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5.00  g 

K* 
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Fig.  23.  Absorption  and  scattering  of  light.  Normal  serum  heated  for  1  hour. 


scattered  light  with  respect  to  incident  light.  The  curves  are  necessarily 
inverted.  The  differences  in  scale  must  also  be  borne  in  mind.  For  the 

density  (opacification)  the  ratio  y  varies  between  about  1  and  20,  whereas 

the  same  ratio  reaches  1,000,000  for  scattered  light,  which  is  always  very 
feeble. 

The  preliminary  decrease  does  not  always  take  place  (see  Exp  No  4 
Table  13) .  ’ 


Table  14.  (Experiment  No.  6).  Normal  Horse  Serum  Heated  for  One  Hour 

(See  Fig.  23) 


ABSORPTION 

SCATTERING 

Filter:  a 

Add.  Filter:  0  to  the  left. 

A  to  the  right. 

Filter:  F 

Add.  Filter:  B  to  the  left. 

0  to  the  right. 

Temp.  (°  C) 

Reading 

£ 

Reading 

D 

20 

50 

55 

57 

58 

60 

62 

- - - 

57.5 

57.5 

57.5 

58.0 

60.5 

65.5 

Coag.  130.0 

0.10 

0.10 

0.10 

0.10 

0.15 

0.23 

1.33 

125 

125 

114 

110 

90 

68 

60 

5.94 

5.94 

5.72 

5.44 

5.25 

4.82 

4.62 
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Fig.  24.  Optical  density  of  normal  horse  serum  as  a  function  of  the  time  of  heating  at 
different  temperatures. 


D- 


Fig.  25.  Curves  expressing  the  quantity  of  light  scattered  (90  )  by  the  serum 
function  of  time  at  different  temperatures. 

There  is  only  a  slight  increase  below  64°,  when  heating  is  kept  up  for 
40  or  60  minutes.  The  great  sensitivity  of  the  phenomenon  of  scattering  is 

clearly  shown  by  the  curves. 
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Figs.  24  and  25,  in  which  two  complete  series  of  experiments  are  summed 
up,  clearly  show  the  differences  between  the  two  methods.  Fig.  24  (density 
curves  as  a  function  of  temperature)  indicates  that  up  to  60  the  increase  is 
slight;  but  for  prolonged  heating  the  curve  shows  a  considerable  increase 
beyond  60°.  One  might  almost  question  whether  this  sudden  difference 
could  not  be  due  to  a  different  phenomenon  than  the  one  which  determines 
the  progressive  increase  of  density.  On  the  contrary,  no  such  increase  is 


Tempecatuce 

Fig.  26.  Scattering  as  a  function  of  temperature  for  different  times  of  heating. 


observed  in  Fig.  26  (scattering).  Nevertheless,  a  slight  acceleration  in  the 
curve  representing  scattered  light  is  often  observed  after  coagulation-  the 
inflection  starts  at  66°  (Fig.  21),  or  at  65°  (Fig  22) 

It  JhevidUenVtethtT  “  2°  ‘°  23  giVC  a  clear  idea  of  thc  Phenomenon. 

r;“  cr  * "« — - 


58 


STUDIES  IN  BIOPHYSICS 


However,  we  must  not  forget  that  scattering  and  absorption  are  very 
different  phenomena  which  do  not  express,  on  our  scale  of  observation,  iden¬ 
tical  molecular  phenomena.3 

The  clear  and  rapid  drop  of  the  curve,  when  the  serum  was  heated  for 
five  or  ten  minutes  beyond  57°,  is  remarkable.  Indeed,  as  the  figures  repre¬ 
sent  logarithms,  it  is  difficult  to  appreciate  the  amplitude  of  the  phenomenon. 
But  let  us  examine  Table  13  (Fig.  22),  for  example,  in  which  the  serum  has 
been  heated  for  twenty  minutes.  We  see  that  the  quantity  of  light  scat¬ 
tered  laterally  has  doubled  between  55°  and  57°.  Between  55°  and  58°  it 
has  almost  quadrupled.  Finally,  it  is  almost  sixteen  times  greater  (15.8) 
when  the  serum  has  been  heated  to  64°  and  fifty  times  greater  for  66°. 

Twenty  minutes’  heating  at  66°  determines  coagulation,  and  the  quantity 
of  scattered  light  is  about  54  times  greater  than  for  the  same  time  of  heating 
at  55°.  The  extreme  figures  show  that  between  55°  and  64°  the  density  had 
been  multiplied  by  only  1.35.  Fig.  26,  which  gives  the  comparison  between 
the  preceding  experiments,  shows  that  the  influence  of  the  duration  of  the 
heating  consists  simply  in  displacing  the  curves  toward  the  left,  as  was  the 
case  in  the  preceding  phenomena  of  viscosity  and  rotatory  power. 

We  therefore  have  another  phenomenon  indicating  a  profound  perturba¬ 
tion  in  serum  heated  around  55° -57°.  We  showed  previously  that  this 
physical  perturbation  was  of  structural  origin,  and  we  interpreted  the  in¬ 
crease  in  viscosity  above  58°  to  be  the  result  of  the  increase  in  volume  of  the 
particles  through  hydration.  By  the  experiments  described  in  this  chapter 
we  have  brought  further  proof  of  the  considerable  increase  in  the  volume 
of  the  molecules  or  micelles  formed  in  serum  under  the  influence  of  time  and 
heat,  as  up  to  the  present  we  have  no  proof  that  no  aggregation  takes  place. 
In  spite  of  the  sensitivity  of  the  method,  the  measurements  of  viscosity  had 
not  shown  up  the  phenomenon  as  clearly,  and  it  was  impossible  to  have  an 
idea  of  the  quantitative  increase  of  the  dimension  of  the  particles.  .  This 
now  becomes  possible  on  the  basis  of  the  following  reasoning.  In  his  im 
portant  work  on  the  Tyndall  phenomenon,4  J.  W.  Strutt  (Lord  Rayleigh) 
demonstrated  that  the  intensity  of  scattered  light  is  directly  proportional 
to  the  square  of  the  volume  of  particles,  and  inversely  proportional  to  the 
fourth  power  of  the  wave  length.  The  complete  formula  which  he  finally 
arrived  at  (for  light  scattered  at  right  angles)  is. 

,  s  9ptt V*A*fn\  -  n*V  (!) 

I  (scattered  light)  =  — ^  ^n2  +  2 n2 / 


This  formula  can  be  simplified,  for  convenience,  when  measurements  are 

12-81  <1881>i47’375  <1889)- 
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made  under  well  determined  and  constant  conditions,  and  the  following 
equation  is  obtained: 


where  C  is  a  constant,  V2  the  square  of  the  volume  of  a  particle,  n 1  and  n 
the  refractive  index  of  the  particle  and  of  the  solvent.0  Now  we  showed  that 
the  index  of  refraction  of  heated  serum  did  not  vary,  or  varied  very  slightly, 
when  heated  about  ten  minutes  around  60°.  But  the  index  of  the  particle 
should  decrease  in  proportion  to  the  increase  in  volume  (due  to  hydration). 
The  quantity  of  scattered  light  can  increase  only  if  the  first  term  of  the 
second  member  of  the  equation  counterbalances  the  second  term  (between 
parentheses)  .6 

5 See:  Hatschek,  E.,  and  Humphry,  Trans.  Faraday  Soc.,  20,  part  1  (1924);  Krishna- 
murti,  Proc.  Roy.  Soc.,  A,  122,  76  (1929). 

6  See:  Freundlich,  “Colloid  and  Capillary  Chemistry,”  pp.  380  ff.,  New  York,  Dutton 
(1926).  (English  Translation.) 

It  is  probable  that  in  the  case  of  serum  heated  sufficiently  to  bring  about  an  appear¬ 
ance  of  heterogeneity  (milkiness)  the  factor  between  parentheses,  representing  the  effect 
due  to  the  variations  in  the  index  of  refraction,  which  we  neglected,  comes  into  play. 
We  have  not  taken  it  into  account  for  two  main  reasons.  The  first  is  that  the  measure¬ 
ments  of  the  index  of  serum  heated  to  70°  did  not  show  marked  differences,  as  can  be 
seen  by  the  following  figures: 


Undiluted,  Normal  Horse  Serum,  Exp.  No.  45,  (Feb.  19) 

Unheated,  Centrifuged  Feb.  15 

=  1.34910 

*3 

ii 

to- 

to 

o 

Unheated,  Centrifuged  Feb.  15 
Heated: 

=  1.34958 

U 

1  Hour  at  57° 

=  1.34917 

(( 

1  Hour  at  59° 

=  1.34917 

u 

20  Minutes  at  61° 

=  1.34936 

(( 

5  Minutes  at  65° 

=  1.34910 

(( 

2  Minutes  at  70° 

=  1.34954 

u 

The  variations  affect  only  the  fourth  decimal  place. 


vatefS1 25%^TntWn!,n=  ImW™’  Under  ““  Sa"“e  co,lditio,ls-  P^ally  constant 

The  second  reason  is  that,  in  order  to  take  this  factor  into  account,  it  would  be  neces- 
saiy  to  determine  separately  the  values  of  m  (refractive  index  of  particles)  which  repre¬ 
sents  considerable  difficulty  and  would  introduce  grave  causes  of  error.  (See  below  )P 
It  is  moreover,  possible  to  get  an  idea  of  the  order  of  magnitude  of  this  factor  bv 
aking  the  calculation  with  arbitrary  figures.  Hypothetically,  it  can  be  admitted  that 
hydration  decreases  the  index  ru  of  the  particles.  The  factor : 


would  then  decrease  as  a  result  of  heating. 

the  mrtt|lng  f  =  ^  SaHne  S°luti°n  at  l7°’  and  an  arbitrary  value  m 

the  particles  of  unheated,  normal  serum,  we  obtain: 


=  1.3700  for 


F  - 


0.000,088,36. 
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As  might  be  expected  this  is  what  happens,  and  we  can  arbitrarily  sup¬ 
press  this  second  term  without  introducing  grave  errors  in  the  calculation, 
considering  the  relatively  big  increases  which  we  observe  in  the  value  of  I. 
It  is  therefore  possible  to  compute  the  increase  in  the  volume  of  particles 
as  a  function  of  temperature  and  of  time  by  means  of  equation  (2).  Indeed, 
we  know  that  the  figures  registered  by  the  instrument  give  log  70/7  (the 
effect  of  filters  being  of  course  taken  into  account) .  Instead  of  measuring  I 
as  an  absolute  value,  we  can  subtract  log  70/7  from  an  arbitrarily  chosen 
and  constant  value  of  log  70,  and  this  will  give  us  a  value  proportional  to 
log  7  and  very  close  to  the  real  value,  provided  the  value  of  log  70  is 
plausible.  By  extracting  the  square  root  of  the  value  found,  or  simply  by 
finding  the  value  of  log  7/2  in  the  tables,  we  obtain  a  figure  which  will  be 
proportional  to  the  volume  of  the  particles.  The  value  of  log  70/7  for 
unheated  serum  is  about  5.94,  and  in  that  case  the  quantity  of  scattered 
light  is  extremely  feeble  (of  the  order  of  1/1,000,000  of  the  incident  light). 
We  can,  therefore,  take  6,000  as  the  arbitrary  value  for  log  70/I,  which  is 
equivalent  to  giving  a  value  of  1,000,000  for  70,  and  of  the  order  of  1  for  7. 
Fig.  27  gives  the  results  of  the  calculations;  in  this  diagram,  the  ordinates 

For  heated  serum,  if  we  admit  a  very  great  decrease  of  the  index  n i,  i.e.,  1.3600,  we 
obtain : 

F  =  0.000,019,970 


For  differences  of  1  unit  of  the  second  decimal  of  ?ii  there  is,  therefore,  a  variation  of 

about  75  per  cent  of  the  value  of  F.  .  . 

On  the  other  hand,  it  is  not  absolutely  certain  that  the  hydration  of  one  molccu  e, 
under  the  conditions  we  have  studied,  manifests  itself  by  a  decrease  in  the  index.  We, 
therefore,  do  not  know  which  way  the  correction  should  act  All  we  know  is  that  the 
index  of  the  pure  total  serum  has  a  tendency  to  increase  slightly  as  a  reJult  of  ^.eat[h” 
(measurements  made  at  constant  temperature)  and  that  the  increase  affects  only  the 
fourth  decimal  point.  And,  besides,  under  our  experimental  conditions,  the  increase  k  of 
the  order  of  magnitude  of  the  observed  fluctuations  when  the  serum  is  centnfug 

d lb H a tschekT Roll  Zeit ,  48,  246  (1929)]  criticizes  the  work  of  Knshnamurti  (see  above) 

and^jofntsout  that  the  term  containing  the  indexes  cannot  neglected  at  any  rate  fo 

SSSSSBsSSSSsHSs 
k  sets  ssia  ss1 ms  "isSJsHri.' K 

have  no  means  of  measuring  it.  It  would  be  madmissib  e  RPHand  IJ .  Biol.  Chem., 

proteins  of  serum  such  as  those  obtained  y  ex  tap  biological  reality,  and  are 

108,  703  (1935)1  Ttajmdg-  do  not  co=nd  ‘o  any  ^logical  ^  y 
certainly  very  different  from  those  oi  the  nytna  cu  p  fundamental.  We  observe 

by  water  in  these  large  molecules  is  heating  whereas  we  observe  im- 

only  slight  alterations  in  the  index  o  o  .  ,,  ,  :iv  j,  seems  to  us  that  Krishna- 

portant  variations  of  the  rotatory  power.  logical  and  the  most  legitimate, 

murti's  conclusions,  as  well  as  our  own  are  the ^most  : 1°  leal  ana  prising  if 

Moreover,  we  speak  only  of  retoe  values  ol due  to  the  term 

K^piM  t0'al  d°e3  DOt  ^ 

materially. 


OPTICAL  DENSITY  AND  SCATTERED  LIGHT 


Cl 


Fig.  27.  Increase  in  the  volume  of  colloidal  particles  in  heated  serum  as  a  function 
of  the  time  of  heating. 
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in  heated  serum  as  a  function  of 
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are  proportional  to  the  volume  of  the  particles.  Fig.  28  represents  the  same 
values,  but  as  a  function  of  temperature. 

The  comparison  between  these  two  charts  is  interesting  and  discloses 
an  important  fact  which  could  not  be  foreseen  a  priori.  Indeed,  it  clearly 
shows  that,  above  a  certain  temperature,  the  increase  in  the  volume  of  the 
particles  is  about  proportional  to  the  temperature,  but  not  to  the  time  during 
which  the  heat  is  maintained.  We  had  already  observed  the  same  fact  for 
the  increase  of  rotatory  power,  which  establishes  the  relation  between  the 
two  phenomena,  and  shows  the  specific  action  of  temperature.  Fig.  29 


Fig.  29.  Rotatory  power,  volume  of  particles  and  viscosity  of  normal  horse  serum 
as  a  function  of  temperature. 


enables  one  to  compare  the  three  phenomena:  increase  in  rotatory  power, 
increase  in  volume  of  the  particles,  and  increase  of  viscosity.  We  have,  m 
short  only  one  phenomenon  which  manifests  itself  in  three  different  ways, 
the  alteration  of  the  chemical  structure  of  the  molecules  measured  by  the 
polarimeter  naturally  appears  first.  It  is  followed  by  the  increase  in  the 
volume  of  the  molecules  or  by  the  aggregation  of  the  molecules  into  par¬ 
ticles  which  scatter  the  light  and  thus  enable  us  to  follow  this  increase 
quantitatively.  When  the  quantity  of  fixed  water  is  important  enoug , 
it  acts  on  the  viscosity,  with  a  certain  delay  due  to  the  different  sensitivity 

of  the  methods  employed. 
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Thus,  by  applying  the  formula  of  Rayleigh,  it  becomes  possible  through 
the  study  of  scattered  light  to  extend  the  results  obtained  by  the  measure¬ 
ment  of  viscosity,  and  to  observe  probable  increases  of  the  order  of  500  and 
even,  as  we  shall  see  in  the  next  chapter,  of  600  per  cent.  As  the  serum 
molecules  are  not  spherical,  and  as  Lord  Rayleigh’s  reasoning  applies  rigor¬ 
ously  only  to  particles  having  an  almost  spherical  shape,  these  figures  give 
only  an  order  of  magnitude. 


Chapter  6 


Factor  of  Depolarization; 

Mechanism  of  Coagulation  by  Heat 

The  preceding  chapters  show  that  a  certain  number  of  new  facts  were 
found  which  give  a  clearer  idea  of  the  phenomena  taking  place  in  serum  at 
a  temperature  above  55°.  But  there  are  points  which  still  remain  obscure. 
For  instance,  we  do  not  yet  know  whether  the  molecules  aggregate  or  not, 
whether  water  is  imprisoned  inside  the  micelles  thus  formed,  and  whether, 
in  brief,  they  behave  like  minute  sponges.  In  other  words,  we  do  not  know 
whether  or  not  the  serum  becomes  colloidal  as  a  result  of  heating.  The 
milky  aspect  of  the  heated  serum  seems  to  be  an  argument  in  favor  of  this 
hypothesis. 

An  interesting  method  can  be  employed  to  answer  this  question,  i.e.,  the 
study  of  the  factor  of  depolarization  p.  This  quantity  is  very  little  used  and 
to  our  knowledge  has  never  been  applied  to  biological  solutions.  We  shall 
therefore  explain  in  a  few  words  why  we  resorted  to  it. 

In  the  preceding  chapter  we  showed  that  the  study  of  the  light  scattered 
at  right  angles  enables  us  to  follow  the  increase  of  the  molecules  or  particles 
in  the  serum  as  a  function  of  temperature,  and  that  this  method  was  much 
more  sensitive  than  that  involving  measurement  of  the  optical  density  of 
serum.  Now,  as  we  know,  scattered  light  is  polarized.  Lord  Rayleigh’s 
theory  explains  this  fact  clearly,  and  predicts  that  in  colloidal  solutions 
the  light  should  be  completely  polarized  at  90°,  if  the  particles  are  small 
with  respect  to  the  wave  length  of  light,  optically  isotropic,  and  distributed 
at  random.  This  theory  does  not  apply  when  the  particles  are  large  and 
irregular.  Mie,1  arrived  at  certain  conclusions  about  spherical  particles 
(particularly  colloidal  suspension  of  gold),  which  can  be  summarized  as 
follows.  As  long  as  the  particles  are  small  (of  the  order  of  100  m /*,  or  1,000 
Angstroms),  the  distribution  of  energy  follows  Lord  Rayleigh’s  formula  and 
the  beam  scattered  at  right  angles  is  completely  and  rectilmearly  polarized 
(never  elliptically) .  When  the  beam  is  not  completely  polarized,  the  pres¬ 
ence  of  larger  particles  in  the  solution  is  indicated.  When  the  particles  have 
a  diameter  of  130  m*  90  per  cent  of  the  light  is  polarized.  In  that  case, 

1  Mie,  Ann.  der  Physik,  25,  377  (1908). 
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there  is  a  displacement  of  the  direction  of  the  maximum  of  polarization. 
Finally,  Mie  explains  the  color  of  gold  solutions  by  the  dimensions  of  the 
micelles. 

But  it  has  been  demonstrated  that  these  explanations  did  not  suffice  and 
that  another  element  should  be  introduced  into  the  calculations,  namely, 
the  shape  of  the  particle.  Gans2  tried  to  solve  these  difficulties  mathemat¬ 
ically  and,  by  considering  only  particles  of  small  dimensions  with  respect 
to  the  wave  length  of  light,  he  arrived  at  the  following  conclusions:  (1)  The 
Aspect  of  the  absorption  curve  depends  largely  on  the  shape  of  the  particles. 
(2)  The  light  scattered  laterally  by  a  colloidal  solution  is  entirely  and 
rectilinearly  polarized  when  the  particles  are  spherical;  it  is  partially 
depolarized  when  their  shape  is  different,  and  the  more  the  shape  of  the 
particles  differs  from  that  of  a  sphere,  the  greater  is  the  quantity  of  depolar¬ 
ized  light.  The  measurement  of  the  quantity  of  depolarized  light — or  of  its 
ratio  to  the  quantity  of  polarized  light  (factor  of  depolarization) — should, 
therefore,  make  it  possible  to  obtain  some  data  on  one  of  the  elements  de¬ 
pending  on  the  shape  of  the  particles.  Finally,  the  quantity  of  depolarized 
light  also  depends  on  the  dimension  of  the  particles.  (See  footnote  at  the 
end  of  this  chapter  on  definitions  and  symbols). 

On  the  strength  of  the  preceding  work,  Krishnamurti3  studied  agar  solu¬ 
tions  and  came  to  the  conclusion  that  there  were  slight  changes  in  the  shape 
of  the  micelles  passing  from  the  sol  to  the  gel  state  as  a  consequence  of  a 
change  in  temperature.  The  fact  that  the  volume  of  the  particles  also  plays 
a  part  in  depolarization  unfortunately  prevents  one  from  obtaining  a  quan¬ 
titative  idea  of  the  phenomenon.  One  must,  therefore,  beware  of  too  hasty 
conclusions. 


Notwithstanding  the  above-mentioned  experimental  and  theoretical 
works,  the  part  played  by  the  shape  of  the  particles  is  still  little  known. 
It  cannot  be  affirmed  that  the  geometrical  asymmetry,  or  if  one  prefers 
the  increase  of  a  privileged  diameter  with  respect  to  the  others,  systemat¬ 
ic  N  “  t  le  fact0r  of  deP°lariz»t>°n  in  all  cases.  Cabannes4  showed 
a,  depolarization  is  small  and  remains  nearly  constant  in  the  series  of 
open-chain  hydrocarbons  devoid  of  lateral  branches.  In  spite  of  the 
engthemng  of  the  chain  from  methane  to  octane,  the  anisotropy  (expressed 

X  -^r0mCPOlariZati0n)  ™ries  lightly  (methane  100,  =  15;  octane 

‘  '  llb  mcans  that>  in  this  case  at  any  rate,  anisotropy  is  not  di  * 
rectly  related  to  the  geometrical  shape  of  the  molecule  \Vhat T  ",  1 

work  of  Cans  and  of  Mie  dealt  principally  with  metallic  sols,  composed  of 

phynk,V,^\im)!‘30,%uml)im2)'’  47,  270  <1915);  62>  331  (1920);  ZeiUchr. 

I<frrOC^S)1/'.,SoC-’  ser-  U-  122’  76  (1929). 

La  Diffusion  Moleculaire  de  la  Lumiere,”  p.  135,  Paris,  1929. 
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opaque  particles.  Their  results  cannot  be  generalized  to  particles  such  as 
those  of  proteins  endowed  with  totally  different  properties  in  respect  to  light. 

In  any  case,  even  if  it  is  impossible  to  obtain  information  on  the  geometry 
of  the  molecule  by  the  sole  determination  of  p,  one  can  at  least  get  some 
direct  data  on  molecular  anisotropy.  And  this  can  be  done  without  having 
to  resort  to  the  orientation  of  the  molecules  by  an  auxiliary  electric  or  mag¬ 
netic  field,  as  Cabannes  points  out.5 6 7 

The  important  fact  to  remember  is  that  ultramicroscopic  particles  are 
generally  spherical  and  isotropic,  and  that  they  therefore  decrease  the  value 
of  p.  A  solution  which  scatters  almost  completely  polarized  light  is  a  col¬ 
loidal  solution  and  not  a  homogeneous  liquid .° 

Now,  we  have  already  expressed  quantitatively  the  increase  in  volume 
of  the  serum  particles  as  a  function  of  temperature  and  of  the  time  of 
heating.  We  therefore  thought  that  it  might  be  interesting  to  study  the 
factor  of  depolarization  in  the  hope  that  some  precise  information  might  be 
gained  about  the  way  in  which  the  increase  in  volume  of  the  serum  particles 
takes  place,  first  through  hydration  and  then,  perhaps,  through  aggregation 
with  other  molecules,  according  to  the  most  generally  accepted  theory.  Are 
the  water  molecules  adsorbed  evenly  and  simultaneously  on  all  sides  of  the 
“serum  molecule,”  so  that  the  symmetry  of  the  molecule  remains  invariable 
while  the  volume  increases,  or,  on  the  contrary,  do  the  water  molecules  fix 
themselves  preferably  on  one  or  two  points  of  the  molecule,  thereby  changing 
its  shape  by  increasing  one  of  the  axes  in  proportion  to  the  others?  And,  in 
general,  can  we  increase  our  still  vague  knowledge  of  the  process  of  adsorp¬ 
tion  and  get  a  clearer  idea  of  the  phenomenon  of  the  coagulation  of  serum 

by  heat? 

It  was  in  the  hope  of  throwing  some  light  on  these  important  facts  that 
we  undertook  the  experiments  which  we  shall  now  describe. 


Experimental  Set-up1 

We  employed  the  Vernes,  Bricq  and  Yvon  photometer,  which  we  had 
already  used  in  our  preceding  experiments,  but  it  was  necessary  to  modify 
it  so  as  to  adapt  it  to  the  new  problems  which  we  had  in  mind.  (Fig.  30.) 

To  begin  with,  the  luminosity  of  the  instrument  was  increased  eight 
times.  Furthermore,  two  nicol  prisms,  perpendicular  to  each  other,  were 
placed  on  the  path  of  the  scattered  beam  and  mounted  on  a  chariot  so  that 
they  could  be  rapidly  interposed  for  the  analysis  of  the  light-  w 
decided  to  use  two  nicols  fixed  in  an  invariable  position,  rather  than  one 
nicol  capable  of  rotating  by  90°,  in  order  to  facilitate  construction  and 


5  Op.  cit.,  107. 

6  Cabannes,  op.  cit.,  184. 

7  Lecomte  du  Noiiy,  Ann.  Inst.  Pasteur, 


45,  251  (1930). 
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handling.  In  this  way  the  ratio  of  the  intensity  of  the  depolarized  beam 
to  the  vertically  polarized  beam  could  be  determined  by  measuiing  the 
values  of  log  h/I  after  successively  interposing  the  two  nicols,  without  the 
necessity  of  taking  into  account  the  absorption  by  the  two  nicols,  this  ab¬ 
sorption  being  the  same  in  both  cases.  Finally,  it  wras  necessaiy  to  inter¬ 
pose  a  white  scattering  screen,  on  the-  path  of  I0  so  as  to  be  able  to  compare 
tw'o  sources  of  the  same  nature.  Fig.  30  shows  the  set-up.  It  can  be  seen 
that  the  two  objectives,  £>i  and  03,  use  as  respective  sources  of  light  the 


Fig.  30.  View  of  the  principal  alterations  introduced  in  the  V.B.Y.  Photometer  1  A 
white  scattering  screen  P  was  added  at  the  focus  of  an  objective  D,.  2.  Two  nicols 
V  and  H  were  added  on  the  path  of  the  beam  scattered  by  the  solution  X  These 

ofC°he  hghtTeam  °°  “  Slld‘DB  Chlri<>t  a"d  be  successive'y  Put  in  the  path 


scattering  solution  X  and  the  scattering  screen  P.  The  image  is  formed  on 
the  diaphragm  K. 

450TwaettsOUrCTh°f  Hgtht  7Pl°yed  WaS  generally  a  tun«sten  Projection  bulb  of 
50  watts.  This  intensity  was  required  in  order  to  be  able  to  measure  the 

depolarized  light  which  is  extremely  weak  in  the  case  of  normal  serum 
We  also  employed,  in  certain  cases,  a  Philips  tungsten-ribbon  bulb  ab- 
sorbing  18  amperes  at  6  volts. 

Owing  to  the  very  feeble  intensity  of  the  depolarized  light  which  renre 

bout  fZIoTf  t, 550 ’  ao°Ut  I1  7  Cent  °f  the  -atteredglighT,te.  I  ; 
rn  ensity  of  scattered  light  is  proportional  to  the  reciprocal  of  the  fourth 
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power  of  the  wave  length.  The  following  figures8  show  the  importance  of 
high-frequency  radiations  in  scattered  light: 

A  (Angstroms)  2,000  4,000  6,000  8,000  10,000 

Numbers  proportional  to  X-4  635  39  7.7  2.4  1 

As  the  red  filter  corresponds  to  a  mean  value  of  A  =  6,900  A  (Wratten) , 
whereas  the  blue  filter  No.  45-H  (Wratten)  corresponds  to  A  =  4,800  A,  the 
increase  in  luminosity  is  obvious.  The  figures  published  here  were  obtained 
with  the  blue  filter  H  (Wratten)  unless  otherwise  specified. 

The  formula  employed  for  the  readings  was: 

(n  +  g  -  d)  X  e  =  logy 

where:  n  =  readings  on  the  scale; 

g  =  value  of  additional  filters  on  beam  (left) 
d  =  value  of  additional  filters  on  beam  /2  (right) 
e  =*  correction  due  to  the  monochromatic  filter. 

The  value  of  e  for  the  a  filter  is  1;  for  the  blue  filter  (H),  1.27;  for  the 
red  filter  (F),  1.15  (A  mean  =  0.675/i). 

AVe  ascertained  the  fact  that  the  temperature  of  the  liquid  at  the  time  of 
the  reading  did  not  appreciably  influence  the  measurements.  The  same  fig¬ 
ures  were  obtained  at  10°,  20°,  and  40°. 


Determination  of  the  Factor  of  Depolarization 

(1)  Definition.  Iv  being  the  intensity  of  the  scattered  beam  in  a  cer¬ 
tain  direction  after  passage  through  a  nicol,  which  lets  through  the  vertical 
vibrations  without  weakening  them;  and  In  being  the  intensity  of  this  same 
beam  after  passage  through  a  nicol  which  lets  through  the  horizontal  vibra¬ 
tions  without  weakening  them:  the  ratio  p  =  ~r  is  called  the  factor  of  de¬ 


polarization. 

If  the  scattered  beam  is  completely  polarized  rectilinearly  in  the  vertical 
plane,  Ih  =  0;  therefore,  P  =  0.  If  the  scattered  beam  is  completely  de¬ 
polarized,  i.e.,  made  up  of  natural  light,  In  =  h)  therefore,  P  =  1.  Finally 
P  is  always  comprised  between  0  and  1,  and  the  less  vertically  polarized  light 
there  is  in  the  scattered  beam,  the  greater  its  intensity.  (By  vertically,  we 
mean  in  a  plane  perpendicular  to  the  plane  containing  the  incident  beam  and 

the  scattered  beam) .  .  .  .  ,  .  ~ 

(2)  Measurement  with  the  Photometer.  The  nicol  which  cuts  off  the 

vertical  vibrations  is  put  into  service  on  the  path  of  h  The  photometne 
equality  is  realized,  A  being  the  corresponding  reading  when  the  additions 
filters  have  been  taken  into  account.  The  nicol  which  cuts  off  the  horizontal 
vibrations  is  then  put  into  service.  The  photometric  equality  is  g 

8  Cabannes,  J.,  op.  cit. 
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Temp. 

(°  C) 

Time 

(min) 

T  Io 

Log  y 

Factor  of 
Depolarization 
P 

Normal 

Light 

Vertically 
Polarized  Light 

Depolarized 

Light 

Read 

Corr. 

Read 

Corr. 

Read 

Corr. 

IJnheated 

55 

5 

10 

20 

40 

60 

1.87 

1.88 
1.88 
1.88 
1.83 
1.70 

2.38 

2.39 
2.39 
2.39 
2.32 
2.25 

2.02 

2.02 

2.02 

2.02 

2.00 

1.92 

2.56 

2.56 

2.56 

2.56 

2.54 

2.44 

2.92 

2.00 

2.00 

2.00 

2.04 

1.80 

4.23 

4.33 

4.33 

4.33 

4.38 

4.08 

0.0214 

0.0170 

0.0170 

0.0120 

0.0162 

0.0236 

56 

5 

10 

20 

40 

60 

1.88 

1.87 

1.80 

1.72 

1.69 

2.39 

2.38 

2.29 

2.18 

2.15 

2.05 

2.04 

1.98 

1.87 

1.83 

2.60 

2.59 

2.51 

2.37 

2.32 

1.95 

1.95 

1.95 

1.75 

1.75 

4.26 

4.26 

4.26 

4.01 

4.01 

0.0219 

0.0214 

0.0178 

0.0230 

0.0204 

57 

5 

10 

20 

40 

60 

1.88 

1.82 

1.73 

1.60 

1.60 

2.39 

2.31 

2.20 

2.03 

2.03 

2.02 

1.98 

1.88 

1.78 

1.77 

2.56 

2.51 

2.39 

2.26 

2.25 

2.00 

1.95 

1.84 

1.67 

1.68 

4.33 

4.26 

4.14 

3.91 

3.92 

0.0170 

0.0178 

0.0178 

0.0224 

0.0214 

58 

5 

10 

20 

40 

60 

1.88 

1.81 

1.65 

1.47 

1.46 

2.39 

2.30 

2.10 

1.87 

1.85 

2.04 

1.95 

1.81 

1.64 

1.61 

2.59 

2.48 

2.30 

2.08 

2.04 

2.02 

1.90 

1.72 

1.45 

1.43 

4.35 

4.20 

3.98 

3.63 

3.61 

0.0174 

0.0191 

0.0209 

0.0295 

0.0269 

Normal 

59  (dif.  ser.) 
18/2 

5 

10 

20 

40 

60 

1.68 

1.63 

1.58 

1.46 

1.31 

1.23 

2.13 
2.07 
2.01 
1.85 
1.66 
.  1.56 

1.84 

1.79 

1.73 

1.62 

1.47 

1.40 

2.34 

2.27 

2.20 

2.06 

1.87 

1.78 

1.80 

1.78 

1.64 

1.34 

1.12 

1.90 

4.08 

4.05 

3.88 

3.50 

3.21 

2.93 

0.0182 

0.0166 

0.0209 

0.0355 

0.0458 

0.0708 

60 

5 

10 

20 

40 

60 

1.63 

1.51 

1.33 

1.21 

1.18 

2.07 

1.92 

1.69 

1.54 

1.50 

1.80 

1.67 

1.49 

1.36 

1.34 

2.28 

2.12 

1.89 

1.73 

1.70 

1.70 

1.48 

1.19 

2.28 

2.16 

3.95 

3.67 

3.31 

2.93 

2.74 

0.0214 

0.0282 

0.0381 

0.0677 

0.0913 

62 

5 

10 

20 

40 

1.44 

1.32 

1.20 

0.98 

1.83 

1.67 

1.52 

1.24 

1.62 

1.50 

1.37 

1.18 

2.06 

1.90 

1.74 

1.50 

2.86 

2.53 

2.30 

1.86 

3.63 

3.21 

2.92 

2.36 

0.0270 

0.0490 

0.0661 

0.1390 

64 

5 

10 

20 

40 

1.36 

1.15 

0.96 

0.94 

1.73 

1.46 

1.22 

1.19 

1.51 

1.32 

1.17 

1.17 

1.92 

1.68 

1.48 

1.48 

2.58 

2.22 

1.79 

1.62 

3.28 

2.82 

2.27 

2.06 

0.0437 

0.0725 

0.1290 

0.2640 

Normal 

66 

Semi-Coag. 

Coagulated 

AQ 

5 

10 

20 

1.74 

1.21 

1.02 

0.91 

2.21 

1.54 

1.29 

1.16 

1.89 

1.39 

1.24 

1.15 

2.40 

1.76 

1.58 

1.46 

1.85 

2.24 

1.82 

1.54 

4.15 

2.84 

2.31 

1.96 

0.0178 

0.0832 

0.1860 

0.2510 

Do 

Coagulated 

Coagulated 

5 

10 

20 

0.98 

0.90 

0.89 

1.24 

1.14 

1.13 

1.18 

1.15 

1.18 

1.50 

1.46 

1.50 

1.89 

1.46 

1.40 

2.40 

1.85 

1.78 

0.1000 

0.4670 

0.5250 

70 


STUDIES  IN  BIOPHYSICS 


realized,  8  being  the  corresponding  reading.  The  factor  of  depolarization 
is  given  by  the  simple  formula: 

Log  f)=  -  (a-s). 

Experimental  Results. 

Table  15  gives  the  results  of  a  series  of  experiments,  at  different  tem¬ 
peratures,  for  different  times  of  heating.  The  measurements  were  made  after 
cooling  to  about  20°. 


When  looking  at  this  table  one  realizes  the  advantages  of  presenting  the 
experimental  results  by  means  of  curves,  not  only  because  of  the  typo¬ 
graphical  difficulties,  but  mostly  because  of  the  much  greater  clearness  of 
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the  curves.  We  shall  therefore  employ  the  graphic  method  most  of  the  time, 
except  when  it  is  absolutely  necessary  to  do  otherwise. 

The  table  shows  that  for  unheated  serum  the  readings  were  sometimes 
a  little  lower  than  those  obtained  with  heated  serum  at  54°  or  56°.  As  the 
readings  express  the  ratio  log  /<,//,  this  signifies  that  the  quantity  of  scat¬ 
tered  light  is  slightly  greater  than  after  heating.  The  difference  is  of  the 
order  of  magnitude  of  experimental  error,  in  general,  but  it  sometimes  corre¬ 
sponds  to  a  clear  phenomenon.  Nevertheless,  the  decrease  we  mentioned  in 


Fig.  32.  Log  -1.  Corrected  readings.  Depolarized  light  (upper  curve),  vertically 

a°o™f  SeSo  r„,rurai  iight  without  interpositi°n  °f 


b™nPrheCatdedgfnCrhTter  at  a  temPerature  of  57°,  when  the  serum  ha 

een  heated  for  ten  minutes,  and  continues  regularly.  We  have  ahead- 

enon  t  th  Hat  When  hCating  ‘S  prolonged  O0  or  60  minutes)  the  phenom 

°J  m  y0lUme  0f  the  mo'ecules  can  no  longer  be  express* 

y  straight  line,  though  it  is  identical  in  principle  Lenathv  hpnHrm  th  " 

»*<—,  >  w. . .  ™i«; 
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That  is  why  we  have  limited  ourselves  in  the  following  examples  to  the 
experiments  made  with  serum  heated  for  ten  minutes. 

The  variations  in  the  value  of  P  at  temperatures  lower  than  58°  are 
quite  important.  This  is  due  to  the  difficulty  of  measuring  the  ratio  log  I0/I 
when  the  nicol  which  cuts  off  the  vertical  vibrations  is  used.  The  quantity 
of  light  which  passes  is  extremely  feeble  (of  the  order  of  1/50,000,000  of  the 
incident  light),  and  the  equality  of  the  fields,  which  are  very  obscure,  cannot 
be  established  with  precision.  The  readings  given  represent  the  mean  values 
between  two  extremes.  The  fields  become  clear  only  when  the  serum  has  been 


Tempe  r>atu.i?e 


Fig.  33.  Scattered  light  D,  calculated  from  n0~n- D,  where  n0  is  the  reading  obtained 
for  normal  serum  and  n  the  successive  readings  as  a  function  of  temperature. 


heated  around  58°.  Fig.  31  expresses  the  phenomenon  for  different  times 
of  heating  (vertically  polarized  light:  lower  curves;  and  depolarized  light, 
upper  curves).  Fig.  32  gives  the  results  for  10  minutes’  heating.  The 
ordinates  represent  log  I0/I.  Under  our  experimental  conditions,  absolute 
values  may  be  obtained  by  establishing  the  value  of  the  ratio  log  I/I0  for  a 
given  scattering  screen  with  known  additional  filters,  and  by  adding  alge¬ 
braically  the  value  thus  found  to  the  reading  n.  For  instance,  for  normal 
light,  the  absolute  value  of  log  ///„,  for  a  normal  serum  (Exp.  No.  9)  was 
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-5.76;  I/I0  =  1/575,000.  For  this  same  serum  the  absolute  value  of  I/1Q 
in  depolarized  light  was  1/36,000,000.  These  figures  give  an  idea  of  the 

great  rapidity  of  increase  of  this  last  ratio. 

Fig.  33  shows  the  increase  of  the  scattered  light  (normal,  vertically 
polarized  and  depolarized),  as  a  function  of  temperature.  Fig.  34  repre¬ 
sents  these  same  values  but  on  a  different  scale,  which  emphasizes  the  sud¬ 
denness  of  the  increase  after  56°. 


Fig.  34.  Same  curves  as  those  of  Fig  33 
changed  with  respect  to  that  of  the 
the  increase. 


but  in  which  the  scale  of  ordinates  has  been 
abscissae  so  as  to  show  the  suddenness  of 
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Figs.  35,  36,  and  37  show  the  increase  of  the  factor  of  depolarization  in 
different  experiments  Fig.  35  for  different  times  of  heating,  the  others  for 
constant  heating  for  10  minutes.  They  show  the  high  values  attained  by  p 
in  serum  diluted  to  one-half:  0.81.  This  indicates  that  20  per  cent  only  of 
the  scattered  light  is  polarized;  the  optical  properties  of  the  molecules  are 
completely  changed. 


P 
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Fig.  37.  Factor  of  depolarization  as  a  function  of  temperature,  undiluted  and  diluted 
serum.  10  minutes  heating. 
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Fig.  38.  Increase  of  the  factor  of  depolarization  as 
10  minutes  heating,  on  semi-logarithmic  paper. 


a  function  of  the 


temperature, 
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Table  16.  (Experiment  No.  13).  Pure  Normal  Horse  Serum.  Constant  Heating  for 

Ten  Minutes. 


Temp. 

(°  C) 

Log 

Io 

I 

Increase  in 
Volume  of 
One  Molecule 
dV 

Factor  of 
Depolar¬ 
ization 

P 

Normal 

Light 

Vertically 
Polarized  Light 

Depolarized 

Light 

Read 

Corr. 

Read 

Corr. 

Read 

Corr. 

Unheated 

2.10 

2.67 

2.26 

2.87 

2.20 

4.58 

0.0195 

54 

2.12 

2.69 

2.26 

2.87 

2.20 

4.58 

0.0195 

58 

1.97 

2.50 

2.14 

2.72 

2.15 

4.52 

1.24 

0.0160 

62 

1.53 

1.94 

1.69 

2.14 

1.43 

3.61 

2.37 

0.0339 

66  C 

1.19 

1.51 

1.42 

1.80 

1.93 

2.45 

3.90 

0.2240 

70  C 

1.05 

1.33 

1.36 

1.73 

1.55 

1.97 

4.79 

0.5760 

Same  Serum 

Diluted  I 

Unheated 

2.14 

2.72 

2.30 

2.92 

2.27 

4.67 

0.0178 

54 

2.17 

2.76 

2.32 

2.94 

2.20 

4.59 

0.0224 

58 

2.07 

2.63 

2.22 

2.82 

2.10 

4.46 

1.11 

0.0230 

62 

1.85 

2.35 

2.00 

2.54 

1.85 

4.13 

1.53 

0.0250 

66 

1.40 

1.78 

1.57 

2.00 

2.55 

3.24 

2.95 

0.0576 

70 

1.06 

1.35 

1.30 

1.65 

1.84 

2.32 

4.85 

0.2140 

Same  Serum 

Diluted  - 

' 

Unheated 

2.24 

2.84 

2.38 

3.02 

2.30 

4.70 

0.0209 

54 

2.13 

2.79 

2.22 

2.82 

2.10 

4.45 

0.0235 

58 

2.17 

2.76 

2.33 

2.96 

2.30 

4.70 

1.09 

0.0182 

62 

2.00 

2.54 

2.14 

2.72 

2.00 

4.33 

1.41 

0.0246 

66 

1.66 

2.11 

1.80 

2.38 

3.05 

3.88 

2.31 

0.0317 

70 

1.30 

1.65 

1.47 

1.87 

2.40 

3.05 

3.94 

0.0661 

Figure  38  shows  that  the  increases  seem  to  follow  the  logarithmic  law 
expressed  by  an  equation  of  the  form:  p  =  eKt,  t  being  the  temperature. 

Tables  16  and  17  represent  the  protocols  of  experiments  (constant  time 
of  heating)  on  undiluted  serum  and  serum  diluted  to  i  and  i  with  NaCl  solu¬ 
tion  at  0.90  per  cent.  The  next  to  last  column  gives  the  probable  increase 
in  the  volume  of  the  molecules  calculated  from  Rayleigh’s  formula.  .  The 
numbers  are  obtained  by  subtracting  the  corrected  readings  (normal  light) 
from  the  initial  reading  found  for  unheated,  normal  serum,  and  by  dividing 
the  difference  by  2,  which  enables  one  to  find  the  value  of  the  increase  in 

volume  directly  in  the  logarithmic  tables. 

Indeed,  by  calling  the  corrected  initial  reading  n,  and  n'  the  corrected 

reading  obtained  after  a  certain  time  of  heating,  the  value  of  n  -  n’  is 
equal  to: 

log  4°  -  log  j; 

/' 

(log  Jo  -  log  I)  -  (log  Jo  -  log  /')  =  log  j'  -  log  J,  log  J- 


or: 
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Table  17.  (Experiment  No.  14).  Normal  Horse  Serum  No.  2,  Undiluted  and  Diluted, 

Heated  Ten  Minutes. 


1 

o© 

o| 

T  7° 

Log  -j 

Increase  in 
Volume  of 
One  Molecule 
dV 

Factor  of 
Depolar¬ 
ization 

P 

Normal 

Light 

Vertically- 
Polarized  Light 

Depolarized 

Light 

Read 

Corr. 

Read 

Corr. 

Read 

Corr. 

Unheated 

2.42 

3.07 

2.56 

3.25 

2.45 

4.90 

0.0204 

54 

2.38 

3.02 

2.54 

3.22 

2.45 

4.90 

1.06 

0.0209 

58 

2.16 

2.74 

2.30 

2.92 

2.34 

4.76 

1.46 

0.0145 

62 

1.70 

2.16 

1.86 

2.36 

3.05 

3.88 

2.85 

0.0302 

66  C 

1.38 

1.75 

1.58 

2.01 

2.31 

2.93 

4.57 

0.1180 

70  C 

1.18 

1.50 

1.45 

1.84 

1.70 

2.16 

6.10 

0.4790 

Same  Serum  Diluted  \ 


Unheated 

2.26 

2.87 

2.43 

3.08 

2.35 

4.77 

0.0205 

54 

2.37 

3.01 

2.47 

3.14 

2.30 

4.71 

0.0270 

58 

2.18 

2.77 

2.34 

2.97 

2.20 

4.59 

1.32 

0.0240 

62 

2.00 

2.54 

2.18 

2.77 

2.08 

4.43 

1.72 

0.0210 

66 

1.68 

2.13 

1.83 

2.32 

1.62 

3.85 

2.75 

0.0296 

70 

1.25 

1.59 

1.44 

1.33 

2.15 

2.73 

5.13 

0.1260 

Unheated 

2.42 

3.07 

54 

2.40 

3.05 

58 

2.24 

2.84 

62 

2.15 

2.73 

66 

1.91 

2.42 

70 

1.54 

1.96 

Same  Serum  Diluted  £ 


2.58 

3.28 

2.56 

3.25 

2.41 

3.06 

2.34 

2.98 

2.07 

2.63 

1.70 

2.16 

2.40 

4.84 

0.0276 

2.40 

4.84 

1.04 

0.0258 

2.25 

4.65 

1.30 

0.0258 

2.25 

4.65 

1.48 

0.0214 

2.00 

4.33 

2.11 

0.0200 

1.42 

3.06 

3.59 

0.0364 

The  square  root  of  this  ratio,  yjl'/l  is  proportional  to  V’/V  (Rayleigh’s 
formula) ,  i.e.,  to  the  ratio  of  the  volumes,  or  if  one  prefers,  to  the  increases 
in  volume  of  the  heated  particles  with  respect  to  their  initial  volume.  This 
is  precisely  the  point  in  which  we  are  interested  and  which  is  set  forth  in  the 
column  “Increase  in  volume”  of  Tables  16,  17  and  18,  as  well  as  in  Figs 

39,  40  and  following.  These  results  will  be  discussed  at  the  end  of  this 
chapter. 

Table  18  gives  the  same  figures  obtained  with  diluted  serum  heated  at 
higher  temperatures.  The  letter  C  placed  after  the  figure  expressing  the 
temperature  indicates  that  the  solution  was  coagulated. 

as  aFfuncetion9’  n  ^  42  S'(°W  in°reaSeS  in  volurae  of  the  molecules 

as  a  function  of  temperature.  In  Fig.  39  the  times  of  heating  are  20  and  10 

“  SET  SeTK  ,!hr  appearance  of  a  '^e  ">Pid  increase  above 
64  65  ,  which  we  mentioned  before,  can  be  clearly  seen.  It  is  verv  unusual 

to  observe  this  fact  when  the  heating  of  the  serum  lasts  only  ten  minutes 

s  can  be  noticed  by  looking  at  the  following  fio-ures  This  inm,  r  •  ’ 

d”  -  ■  °< «««.“  o‘,t.  Jirirr,;: 
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variations  in  the  value  of  the  second  term  of  Lord  Rayleigh’s  formula9  as 
a  result  of  the  important  change  in  the  value  of  the  refractive  indices.  It  is 
all  the  more  marked  when  the  heating  is  more  prolonged. 

Therefore,  at  first  sight,  if  we  remember  the  beginning  of  this  chapter 
and  what  was  said  about  the  significance  of  the  depolarization  factor,  we 
see  that  everything  takes  place  as  if,  far  from  becoming  more  colloidal, 


Table  18.  (Experiment  No.  12).  Normal  Horse  Serum  No.  2,  Undiluted  and  Diluted; 

Heated  Ten  Minutes. 


Temp. 

(°  C) 

T  7» 

Log  y 

Increase  in 
Volume  of 
One  Molecule 
dV 

Factor  of 
Depolar¬ 
ization 
p 

Normal 

Light 

Vertically 
Polarized  Light 

Depolarized 

Light 

Read 

Corr. 

Read 

Corr. 

Read 

Corr. 

+ 

Unheated 

2.11 

2.68 

2.27 

2.88 

2.15 

4.52 

0.023 

72 

1.10 

1.40 

1.31 

1.66 

1.84 

2.34 

4.36 

0.210 

74 

1.02 

1.29 

1.28 

1.62 

1.60 

2.03 

5.00 

0.390 

76  C 

1.02 

1.29 

1.36 

1.73 

1.43 

1.82 

5.00 

0.810 

Same  Serum  Diluted  \ 

Unheated 

2.13 

2.70 

2.29 

2.91 

2.10 

4.46 

0.023 

72 

1.34 

1.70 

1.50 

1.90 

2.47 

3.14 

3.16 

0.057 

74 

1.12 

1.42 

1.31 

1.66 

1.97 

2.50 

4.36 

0.145 

76 

0.90 

1.14 

1.15 

1.46 

1.47 

1.87 

5.75 

0.390 

Three  Hrs. 

Heating  at 

90°  C 

1.07 

1.38 

1.43 

1.82 

1.51 

1.92 

4.56 

0.792 

serum  subjected  to  heating  becomes  less  and,  less  colloidal.  Its  light-scat¬ 
tering  elements  become  less  and  less  isotropic.  Its  milky,  colloidal,  aspect 
is  not  the  consequence  of  an  aggregation  of  molecules,  which  would  result 
in  an  increase  of  the  statistical  isotropy,  but  is  solely  due  to  their  increase 
in  volume  by  hydration,  which  modifies  their  optical  properties.  W  e  shall 
soon  give  other  proofs  of  this. 

To  obtain  all  the  facts  needed  to  follow  the  discussion  of  these  results, 
the  reader  will  find  it  necessary  to  refer  to  Fig.  27,  p.  61.  It  shows  the 
increases  in  volume  of  the  molecules  as  a  function  of  the  time  of  heating, 
and  each  curve  corresponds  to  a  determined  temperature.  It  may  be  noted 
that  for  temperatures  below  60°  the  values  tend  to  be  constant.  For  two 
hours’  heating  at  55°,  57°,  58°  the  value  is  practically  the  same  as  for  one 
hour  This  tendency  disappears  when  the  serum  is  heated  above  60°.  The 
two  unnumbered  curves  to  the  left  at  the  top  of  the  figure  correspond  to  64 

9  See  pages  58,  and  59. 
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and  66°.  The  explanation  of  this  phenomenon  will  be  given  in  the  last 
paragraphs  of  this  chapter. 

Discussion  and  Interpretation 

Up  to  this  point  we  have  accepted  the  prevailing  opinion  that  the  micelles 
or  molecules  of  serum  aggregated  together  when  heated  at  temperatures 


higher  than  56°.  However,  as  this  hypothesis  does  not  seem  to  be  in  accord 

z  as  sr =2 
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light  of  the  observations  set  forth  in  our  preceding  work  and  especially  in 
this  chapter. 

The  fundamental  difference  between  a  gel  and  a  sol  consists  in  the  fact 
that,  as  a  result  of  some  kind  -of  modification,  the  substances  in  solution 
01  in  suspension  have  increased  their  dimensions,  to  the  detriment  of  the 
solvent,  to  the  point  of  occupying  the  entire  volume  of  the  solution.  In 


Fig.  40.  Increase  in  the  volume  of  the  molecules  as  a  function  of  temperature.  Un¬ 
diluted  serum  and  serum  diluted  to  i  and  i. 

other  words,  if  we  call  (p  the  volume  occupied  by  the  proteins  expressed  in 
percentage  of  the  total  volume  \the  mean  value  of  which  for  rabbit  serum  is 
between  10.7  and  11. 2, 10  and  reaches  12  for  horse  serum),  we  can  admit 
that  w  =  100  for  coagulated  serum.  The  difference  between  cp  and  the  rea^ 
volume  of  the  dry  proteins  represents  the  normal  hydration  of  proteins. 


10  See  Chap.  1. 

11  Kunitz,  M.,  J.  Gen.  Physiol.,  9,  715  (192G). 
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A  given  volume  of  normal  rabbit  serum,  therefore,  contains  about  11  per 
cent  of  “serum  molecules.”  Consequently,  if  the  volume  of  each  molecule 
is  increased  only  9  times,  they  will  occupy  the  whole  volume,  in  close  con¬ 
tact  with  one  another;  the  serum  will  become  a  solid  coagulum  and,  as  all 
the  water  is  fixed  on  the  molecules,  there  is  no  trace  of  free  solvent  left. 
Now,  this  increase  of  the  volume  corresponds  to  an  increase  of  only  a  little 

more  than  twice  the  linear  dimensions  of  the  molecule  (exactly  ^9~=  2.08). 
The  “mean  diameter”  of  the  molecules  would  then  be  only  doubled ;  that  is, 


Flg'  i-V  *  Ifcrease  m  the  volume  of  the  molecules  as  a  function  of  temperature.  Un¬ 
diluted  serum  and  serum  diluted  to  i  and  l. 


on  the  basis  of  some  of  our  old  determinations12,  it  would  be  of  the  order  of 
80  X  10-s  centimeters,  or  8  mp..  It  would,  therefore,  be  50  times  smaller 
than  the  shortest  wave  length  of  visible  light. 

But  here  a  question  arises:  is  it  possible  to  admit  such  a  degree  of  hydra¬ 
tion  for  proteins,  of  the  order  of  900  per  cent?  Our  measurements  of  vis- 
cosity  gave  us  values  of  the  order  of  300  per  cent  for  viscous  but  uncoagulated 

of  Lord  P,  ”eatUr“  0f  Scattcred  by  application  of  the  formula 
i2  d  Rayleigh  enabled  us  to  obtain  values  of  500  per  cent  and  sometimes 

1904  SET8  du  IS0Uy’  J'  Exp'  Med''  39’  717  <1924);  Compt.  Rend.  Acad.  Sci.,  178, 
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higher.  But  Marinesco,13  by  studying  dielectric  polarization,  arrived  at 
values  of  1,100  to  1,300  per  cent  for  ovalbumin,  of  1,500  per  cent  for  hemo¬ 
globin  and  of  3,600  per  cent  for  methemoglobin.  The  figure  900  per  cent  is, 
therefore,  quite  normal  for  coagulated  serum  which  is  evidently  highly 
hydrated. 

The  application  of  Rayleigh’s  formula  led  us  to  admit  that  the  volume 
of  the  particles  increases  as  much  as  5  or  6  times,  but  only  the  material 
impossibility  of  making  a  rigid  coagulum  fit  into  the  photometer  cells,  and 
the  presence  of  disturbing  air  bubbles,  forced  us  to  give  up  the  study  of  more 


Fig.  42.  Increase  in  the  volume  of  the  molecules  as  a  function  of  temperature.  Un¬ 
diluted  serum  and  serum  diluted  to  i. 

completely  coagulated  sera.  Now,  the  curve  which  expresses  the  increase 
of  the  quantity  of  scattered  light  is  continuous  from  normal  limpidity  and 
fluidity  up  to  complete  coagulation.  There  is  absolutely  no  change  in  the 
shape  of  the  curve  at  the  moment  of  gelation;  the  phenomenon  follows  the 
same  smooth  curve  in  spite  of  the  macroscopic  change. 

Not  only  do  the  curves  representing  the  increases  in  volume  of  the 
molecules  show  no  change,  as  can  be  seen  in  Figs.  39  to  41,  when  the  solu¬ 
tion  is  immobilized  by  passing  from  a  high  point  of  viscosity  to  the  stage 
of  coagulation,  but  the  same  is  true  when  the  gel  becomes  more  and  more 

13  Marinesco,  N.,  Compt.  Ilend.  Acad.  Sci.,  189,  1274  (1929);  187,  71S  (1929). 
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rigid  as  a  result  of  prolonged  heating.  The  difference  in  scattered  light, 
i.e.,  the  increase  in  volume  of  the  particles,  is  approximately  the^  same 
between  two  coagula  obtained  by  heating  10  minutes  at  66  and  68  ,  and 
three  liquid  sera  heated  10  minutes  at  62°,  64°,  and  66°.  In  other  words, 
the  increase  in  volume,  within  certain  limits  of  course,  remains  an  almost 
linear  function  of  the  temperature,  whether  the  mass  is  coagulated  or  not. 
This  phenomenon  would  be  very  difficult  to  explain  if  the  increase  in  volume 
of  the  micelles  were  due  to  the  micelles  being  stuck  together,  whereas  it 
becomes  very  clear  if  this  increase  is  considered  as  being  caused  by  the 
progressive  fixation  of  the  water  molecules.14 

There  are  certainly  some  agglomerations ;  but  these  are  the  exception  and 
not  the  rule,  and  their  number  remains  very  slight  in  proportion  to  the  total 
number  of  molecules.  The  particles  seen  in  the  ultramicroscope,  and  which 
can  be  observed  in  sugar  solutions,  are,  as  we  have  shown,15  very  rare  in 
clean  normal  serum.  Their  number  certainly  increases  as  a  result  of  heating, 
but  never  represents  more  than  a  small  proportion  of  the  molecules,  of  the 
order  of  1/100,000  of  the  total  number.  This  is  easily  checked  by  careful 
counting.  These  large  granules  probably  are  chiefly  formed  around  nuclei 
of  larger  dimensions,  which  always  exist  in  serum,  no  matter  how  carefully 
it  is  handled. 

We  thought  it  might  be  possible  to  get  more  definite  information  on  the 
question  of  aggregation  from  some  of  the  experiments  described  in  this 
chapter,  namely,  those  made  with  diluted  serum.  Let  us  assume,  indeed, 
that  serum  is  composed  essentially  of  micelles  in  colloidal  suspension  and 
that  the  increase  in  volume  of  these  micelles  is  the  result  of  aggregation  due 
t°  the  action  of  heat.  In  this  case,  the  number  of  particles  which  will 
agglomerate  will  evidently  be  proportional  to  the  number  of  impacts  per  unit 
of  time.  In  undiluted  serum  the  number  of  particles  per  unit  of  volume 
being  n,  the  number  of  impacts  is  proportional  to  n2.  If  we  repeat  the  ex¬ 
periments  with  serum  diluted  by  half,  in  a  0.9  per  cent  NaCl  physiological 
solution,  and  if  we  heat  this  solution,  the  conditions  will  be  changed.  There 
will  only  be  one-half  the  number  of  particles  per  unit  of  volume,  i.e.  n/2 
and  consequently  the  number  of  impacts  will  be  proportional  to  (n/2)2’,  that 
is  to  say  four  times  less,  everything  else  being  equal.  Logically,  therefore 

e  rapidity  of  increase  of  the  particles  should  be  4  times  less  than  in  un¬ 
diluted  serum. 

ae‘foUowin“ondu“one  «H  SP  *■»  so,utions-  <**» 

of  micelles,  'here  should  be a  sudden Wr»l??.  A, ^  l,ght»?re  due  t0  »»  aggregation 
when  the  sol  becomes  a  eel  and  Tvnd ill’s  n  °  'n  ^"i,  1 1  ft h t.  at  the  exact  moment 

p.  89.  g  ’  Tynda11  s  number  sho>'W  then  remain  constant.”  Op.  oil., 

10,  NewYofk,  B,0l°gical  and  0rsanic  Colloids,”  Chap. 
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When  the  serum  is  diluted  to  ^  (25  per  cent  of  serum  and  75  per  cent  of 
physiological  solution)  the  phenomenon  should  be  16  times  slower,  on  condi¬ 
tion  that  we  neglect  the  progressive  impoverishment  of  the  suspension  as  a 
result  of  the  fixation  of  the  particles.  Now,  we  do  not  observe  this  experi¬ 
mentally.  Figs.  40  to  42  show  that  even  if  the  phenomenon  is  slower  at  the 
beginning,  the  curves  later  on  tend  to  approach,  and  even  to  join,  those 
which  express  the  rate  of  increase  of  the  particles  of  pure  serum.  Instead 
of  being  4  or  16  times  less,  the  rate  is  lower  at  the  beginning — but  never  in 
the  proportion  of  1  to  4 — then  becomes  equal  and  finally  greater,  which 
indicates  that  the  increase  cannot  be  caused  by  the  aggregation  of  particles 
of  a  like  nature,  but  by  a  totally  different  phenomenon.  Now,  if  the  rise 
in  temperature,  w'hich  leads  to  coagulation,  does  not  determine  the  aggrega¬ 
tion  of  micelles,  there  is  no  reason  to  admit  that  such  amicronic  aggregates 
exist  in  normal  serum.  The  phenomenon  of  the  increase  in  volume  is,  there¬ 
fore,  on  the  basis  of  our  experiments,  essentially  one  of  molecular  hydration 
in  a  molecularly  dispersed  solution. 

We  think  we  are  justified  in  employing  the  word  “molecule”  and  in 
eliminating  the  terms  “particle”  and  “micelle,”  when  speaking  of  serum  in 
general.  Serum  is  very  likely  not  a  colloidal  solution,  in  the  sense  of  a 
molecular  aggregate,  but  a  true  solution  of  very  large  molecules,  and  the 
classical  “colloidal”  opaline  aspect  of  heated  serum  would  be  caused  by  a 
molecular  scattering  of  light.  These  arguments  will  be  developed  in  the 
following  pages. 

In  a  serum  diluted  to  50  per  cent,  complete  coagulation  cannot  take  place 
at  the  same  temperature  for  the  same  time  of  heating  because,  the  mean  dis¬ 
tance  between  the  molecules  being  doubled  as  their  number  is  reduced  by 
half,  they  cannot  quickly  attain  the  size  which  would  enable  them  to  occupy 
all  the  space  in  the  solution.  However,  their  volume  can  increase  much  more 
than  that  of  the  molecules  in  undiluted,  heated  serum,  as  we  obtain  coagula¬ 
tion  by  heating  ten  minutes  at  76°.  In  this  case,  hydration  attains  a  value 
which  is  evidently  double,  i.e.,  1,800  per  cent,  instead  of  900.  But  this  seems 
to  be  the  extreme  limit,  for  when  a  25  per  cent  solution  of  serum  is  heated, 
the  temperature  must  be  brought  to  90°  and  kept  for  three  hours  to  obtain 
coagulation,  and  a  new  phenomenon  appears:  the  coagulum  spontaneously 
exudes  the  excess  water  and  the  concentration  of  the  serum  in  the  coagulum 
is  brought  back  to  about  50  per  cent.  In  this  case  hydration  amounts  to 

about  2,000  per  cent. 

When  the  molecule  is  distended  to  the  extreme,  ruptures  are  produced 
in  the  chains,  the  integrity  of  the  edifice  is  no  longer  maintained  and,  as  a 
result,  there  are  disaggregations  and  precipitations.  The  'value  nx  of  t  e 
refractive  index  of  the  particles  is  profoundly  altered,  and  the  second  term 
between  parentheses  in  Rayleigh’s  formula  comes  into  play.  One  can  now 
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understand  the  meaning  of  the  well  known  expression  '‘displacement  of  the 
temperature  of  coagulation,”  when  the  serum  is  diluted. 

The  elevation  of  temperature  not  only  does  not  determine  aggregation, 
but  everything  takes  place  as  if,  on  the  contrary,  it  led,  in  diluted  serum,  to 
a  fractioning  of  the  initial  molecule.  Experiments  12,  13,  14  (Tables  16  to 
18  pp.  78  to  80)  and  the  following  reasoning  clearly  demonstrate  this. 

We  saw  (Table  16,  Figs.  40  to  42)  that  the  curves  representing  the  in¬ 
crease  in  the  volume  of  molecules  in  diluted  serum  were  shifted  toward  the 
right  (high  temperatures).  We  have  just  shown  how  the  increase  of  the 
mean  distance  between  the  molecules  can  by  itself  explain  the  displacement 
of  the  temperature  of  coagulation.  But  the  curves  expressing  the  phenom¬ 
enon  in  diluted  serum  are  not  parallel  to  those  of  undiluted  serum  on  their 
whole  course.  By  assuming  that  our  hypothesis  is  correct,  and  by  applying 
the  formula  of  Rayleigh,  we  can  try  to  obtain  an  idea  of  the  limits  between 
which  the  proposed  hypothesis  is  valid  for  diluted  serum  and  of  the  sig¬ 
nificance  of  the  differences. 

For  this  let  us  turn  back  to  Rayleigh’s  formula.  For  light  scattered  at 
right  angles  it  states: 

J  _  QvttV^A2/  n 2  -  n2  y 
\*x2  \n2  +  2n2/ 


where  v  =  the  number  of  particles  per  unit  of  volume,  V2  =  the  mean  square 
of  the  volume  of  particles,  ni  the  refractive  index  of  the  particles  and  n  the 
index  of  refraction  of  the  solvent.  The  other  letters  represent  constant 
quantities  under  given  experimental  conditions.16 

By  eliminating  the  constant  values  and  by  replacing  them  with  another, 
C,  this  formula  can  be  reduced  as  we  have  already  pointed  out,  to: 

I  =  CF2 


This  is  the  simplified  form  we  employed  to  obtain  the  numbers  propor¬ 
tional  to  V,  or  more  exactly  to  the  increases  of  V.  But  if  we  propose  to 
study  serum  diluted  by  half,  we  are  forced,  in  order  to  express  its  behavior 


16  See  preceding  chapter. 

n  .Th,e  0btCti!0u  jas  mude  that  a  <<gel”  was  considered  as  being  formed  by  colloidal 

!en  to  the  point  where  thcy  occupied  all  the  available  space 
and  that  the  ddfusion  of  a  dissolved  substance  in  this  gel  should  be  much  slower ^than 
F^re 'water,  whereas  in  reality  it  is  much  quicker.”  (Duclaux) 

“gels”  tVZr'  answ7 fthft:  (1)  We  were  careful  not  to  assimilate  the  properties  of 
that je 

coagulated  serum  than  in  liouid  spmm  Ti  ™  7  .  examPle,  is  slower  in 

large  molecules  can  be  slower  The  obieetinn  °rf,'°vcr’  admitted  that  the  diffusion  of 
molecules.  But  it  is  clear  that  Yhe^ontaet'  C0I}cerf  on,y  sma11  crystalloidal 

comparable  to  that  of  two  plane  surfaces  A  sinX*1  m?  eci?  cannot  be  considered 
solid  body.  1  ‘  Slngle  molecule  is  not  assimilable  to  a 
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with  respect  to  undiluted  serum,  to  reintroduce  the  factor  v,  which  represents 
the  number  of  particles  present  per  unit  of  volume,  which  we  had  been  able 
to  eliminate  as  long  as  we  were  dealing  with  normal  serum  and  were  only 
interested  in  the  changes  taking  place  in  this  serum.  We  thus  have  (n  de¬ 
noting  the  number  of  particles  in  diluted  serum) 


1 1  =  CviV2 


Now  as  we  said  above  (p.  79) ,  it  is  not  the  volume  of  particles  in  abso¬ 
lute  values  which  is  important,  but  only  the  ratio  of  their  volumes  before 
and  after  heating,  i.e.,  the  increase  of  volume  due  to  heating.  Let  us  call 
this  increase,  dV.  As: 


k  being  a  constant,  this  increase  will  be  equal  to: 


in  the  case  when  the  number  of  particles  does  not  enter  into  consideration. 

To  find  out  the  theoretical  increase  of  the  particles  in  diluted  serum, 
with  respect  to  the  increase  in  undiluted  serum,  we  only  have  to  calculate 
the  increase  of  volume  dV i,  with  respect  to  dV  when  the  number  of  particles 
vi  is  no  longer  the  same. 

By  denoting  I1}  I\  and  vi,  the  corresponding  values  for  diluted  serum, 
we  have: 


which  gives  for  dV i 


Indeed,  if  the  ratios  of  the  readings  (diluted  and  undiluted  serum) 


differ,  the  increases  in  volume  will  evidently  be  the  same  for  an  identical 
difference  of  temperature,  and  the  differences  observed  between 

Ii  ,  /' 
and  ~y 
1 1  * 

will  depend  only  on  the  ratio  of  the  concentrations,  that  is  to  say,  on  the 
ratio  of  the  number  of  light-scattering  particles  per  unit  of  volume  — . 
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Therefore  we  have: 


which  means  that  the  ratio  of  the  increases  in  volume,  in  the  case  of  diluted 
and  undiluted  serum,  will  be  proportional  (between  certain  limits  of  course) 
to  the  square  root  of  the  ratio  of  the  number  of  scattering  particles. 


In  the  particular  case  where  n  =  —  (serum  diluted  by  half) 


therefore 


Therefore,  if  there  is  no  aggregation  and  if  the  increase  is  caused  only  by 
individual  swelling,  the  increases  in  volume  of  the  serum  diluted  by  half 
should,  on  the  basis  of  the  formula  of  Lord  Rayleigh,  be  proportional  to  the 
increases  in  volume  dV  in  undiluted  serum,  divided  by  y/2,  or  1.413.16a 

If  the  serum  is  diluted  to  i,  the  increases  dV2  should  be: 


We  remind  the  reader  that  the  photometer  we  used  gives,  by  direct  reading, 
the  values 


wherefrom  the  values 


are  easily  calculated  (see  p.  79). 


perimentally. 


The  exactitude  of  this  reasoning,  therefore,  can  readily  be 


,  can  readily  be  checked  ex- 
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to  express  the  curves  corresponding  to  the  diluted  sera.  The  results  of  three 
series  of  experiments  are  assembled  in  Table  19. 

It  is  immediately  evident  that  the  numbers  in  the  5th  column  can  in  no 
way  express  the  phenomenon,  whereas  those  in  the  4th  column  follow  it 
fairly  closely  up  to  a  certain  temperature.  In  general,  there  is  a  divergence 
above  66°,  which  can  become  very  great  (Experiments  1  and  3).  Even  the 
appearance  of  the  curves  obtained  with  diluted  serum  indicates  that  there 
cannot  be  an  absolute  accord,  as  those  which  correspond  to  undiluted  serum 


Table  19. 


Values 

Values 

Ten  Minutes 
Heating  at 

0  C 

Pure  Serum 
dV  Obs. 

Serum  Diluted 

dVi  Obs. 

Calculated  from 
dV 

dV  i  - - - 

V2 

Calculated  from 

d7.  =  d-l 

4 

No  Aggregation 

Aggregation 

58 

60 

62 

64 

66 

68 


Experiment  1  (March  20) 


1.32 

1.00 

0.95 

1.75 

1.28 

1.24 

2.30 

1.65 

1.63 

2.95 

2.10 

2.10 

3.55 

2.80 

2.52 

4.28 

3.60 

3.04 

0.33 

0.44 

0.57 

0.74 

0.89 

1.07 


58 

60 

62 

64 

66 

68 


1.20 

1.45 

2.25 

3.20 
4.17 

5.20 


Experiment  2  (March  26) 

1.05 

1.15 

1.60 

2.50 

2.93 

3.60 


0.85 

1.03 

1.60 

2.26 

2.95 

3.60 


0.30 

0.36 

0.56 

0.80 

1.04 

1.28 


58 

60 

62 

64 

66 

70 


1.20 

1.78 

2.32 

2.94 

3.60 

4.68 


Experiment  3  (March  31) 

1.10 

1.26 

1.53 

2.09 

2.89 

4.80 


0.85 

0.30 

1.26 

0.44 

1.64 

0.58 

2.08 

0.73 

2.56 

0.90 

3.31 

1.17 

are  nearly  rectilinear  and  the  others  show  a  strong  incurvation.  When  the 
serum  is  diluted  to  i  the  accord  is  sometimes  as  good  as  in  the  above 
experiments,  but  this  is  not  always  the  case.  Nevertheless,  and  this  is  the 
only  point  upon  which  we  insist,  the  numbers  are  much  closer  to  the  values 
observed  than  those  obtained  when  the  values  tor  undiluted  serum  are 
divided  by  16.  Table  20  gives  the  values  observed  and  calculated 

d“' evident  that  other  factors  come  into  play  when  the  serum  is  diluted 
and  heated.  But  from  66°  on,  all  the  curves  of  diluted  serum  tend  to  jo. 
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or  even  to  cross  the  curve  of  undiluted  serum,  that  is  to  say,  the  quantity  of 
scattered  light  increases  more  rapidly  and  is  sometimes  greater  in  diluted 
serum  than  in  undiluted.  On  the  other  hand  we  know  that  there  are  no 
aggregations.  Only  one  variable  capable  of  affecting  the  quantity  of  scat¬ 
tered  light  remains,  namely  the  number  of  scattering  particles.  If  the  con¬ 
centration  stays  constant,  this  number  can  increase  only  if  we  assume  that 
there  is  a  fractioning  of  the  molecules  above  a  certain  temperature  (around 
65°). 

The  proteic  structures  are  not  indefinitely  extensible,  and  by  raising  the 
temperature  above  a  certain  limit  the  molecules  are  destroyed  and  split  more 
rapidly  than  when  the  serum  is  undiluted,  because  in  this  case  the  gel  begins 
to  form  at  a  lower  temperature.  The  molecules,  therefore,  are  pressed  tightly 


Table  20. 


Temp. 

(°  C) 

Pure  Serum 
dV  Obs. 

Serum  Diluted 

1 

dVi  Obs. 

Values 

Calculated  from 
dV 

dVi  =  — 

V4 

Values 

Calculated  from 

rIV  dV 

58 

1.20 

1.04 

0.60 

0.075 

60 

1.45 

1.10 

0.72 

0.091 

62 

2.25 

1.33 

1.12 

0.140 

64 

3.20 

1.62 

1.60 

0.200 

66 

4.17 

1.85 

2.00 

0.260 

68 

5.20 

2.65 

2.55 

0.320 

against  one  another,  and  this  impedes  the  breaking  up  of  the  original 
structure.  & 

The  measurement  of  the  factor  of  depolarization  for  diluted  serum  shows 
that,  in  principle,  the  phenomenon  is  the  same  as  for  undiluted  serum.  The 
optical  anisotropy  becomes  enormous:  P  attains  the  value  of  0  80  which 
indicates  that  only  20  per  cent  of  the  scattered  light  is  polarized’  It  is 

fevaIueUof  10n'  Tl?  are  aI"’ayS  VCTy  regular’  and  above  64“ 
he  value  of  „  increases  with  great  rapidity.  We  did  not  observe  any  transi- 

tion  between  the  liquid  and  the  gel.  When  serum  diluted  to  J  is  heated  to 
76  (10  minutes)  and  coagulates  the  value  o.  i  .  a  10 

than  that  of  undiluted  serum  heated  at  70°.  It  is  p/obabTe  ThTt  the^l" 
cule  is  completely  dislocated.  Probable  that  the  mole- 

Without  doubt,  the  conclusions  which  were  reseller!  s  *  +n  + 
aggregation  as  a  result  of  heating  and  that  «  •  d’  ’  that  there  ls  no 


92 


STUDIES  IN  BIOPHYSICS 


by  the  reader  who  has  been  accustomed  for  so  long  to  the  idea  of  a 
“biological  colloid.” 

It  is  therefore  natural  that  we  should  try  to  reinforce  our  thesis  in  every 
possible  way,  and  that  we  should  bring  a  new  quantitative  proof  of  the 
exactitude  of  our  interpretation.  This  proof,  which  strikes  us  as  very  con¬ 
vincing,  was  given  by  Prof.  A.  Boutaric,  whose  magnificent  work  on  colloids 
is  well  known.  It  is  based  on  quite  different  reasoning  and  experiments 
(luminous  absorption  and  not  lateral  scattering).17 

The  first  part  of  Prof.  Boutaric’s  paper  is  devoted  to  the  mathematical 
study  of  the  variations  of  the  coefficient  h  in  the  formula  expressing  the 
intensity,  7,  of  a  beam  of  light  after  it  has  passed  through  a  scattering 
medium  of  thickness  l: 

I  =  Jo  e~hl 

I0  designating,  according  to  custom,  the  intensity  of  the  incident  beam.  This 
coefficient  h,  for  small  spherical  particles,  is  given  by  the  formula  of  Lord 
Rayleigh: 


where  the  symbols  have  the  same  significance  as  those  of  the  analogous 
formula  (for  scattered  light)  mentioned  on  page  87. 

Prof.  Boutaric  studies  successively  the  ways  in  which  h  varies  when  the 
increase  in  volume  of  the  particles  is  due  solely  to  agglomeiation,  to  in¬ 
dividual  swelling  without  agglomeration,  or  to  a  combination  of  the  two 
mechanisms.  By  taking  into  account  the  fact  that  particles  of  different  sizes 
may  be  present  in  the  solution,  Prof.  Boutaric  demonstrates  that  in  all  cases 
h  varies  proportionally  to  the  volume  7  of  the  individual  particles.  Further¬ 
more,  he  shows  that  the  study  of  the  variations  can  give  precise  information 
on  the  changes  which  take  place  in  the  individual  volume  of  the  particles  in 
suspension  during  its  evolution,  at  any  rate  as  long  as  the  particles  are  small 

enough  to  permit  the  use  of  Lord  Rayleigh  s  formula. 

We  showed  above  that  this  must  be  the  case.  When  the  dimensions  in¬ 
crease,  the  term  A4  of  the  formula  must  be  replaced  by  another  A"1,  the  ex¬ 
ponent  m  being  less  than  4  and  all  the  smaller  as  the  particles  become 

lar  Now!  as  we  have  seen,  there  is  another  property  of  suspensions  which  is ■ 

related  to  the  volume  of  the  particles,  namely,  vf  °slf.  ^her"  Ts  ‘h  t 
formulas:  that  of  Einstein,  that  of  Arrhenius,  and  that  of  Kumts,'»  winch 

«  Boutaric,  A.,  "Remarque*  snr  Vetude  des  transfer matums  pouvant  se  prodmre  dans, 
les  milieux  troubles,”  Bull.  Soc.  Chim.,  4c  sene,  49,  3S9  (1J31). 

17a  Boutaric,  These,  Paris,  1918. 

18  See  page  32. 
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link  viscosity  with  the  total  volume  occupied  by  the  particles  in  the  sus¬ 
pension  and  show  that  the  viscosity  depends  solely  on  the  total  volume  of 
the  particles  and  not  on  the  individual  volume,  that  is  to  say,  not  on  the 
degree  of  dispersion  of  the  suspension. 

Let  us  now  examine  how  the  coefficient  of  viscosity  77  varies  during  the 
evolution  of  a  suspension,  in  the  two  cases  which  interest  us.  (a)  If  the 
particles  grow  by  agglomeration  without  intervention  of  the  solvent,  the 
total  volume  of  the  particles  does  not  vary  and  the  viscosity  keeps  the  same 
value,  (b)  If  the  particles  grow  by  swelling  in  the  solvent,  the  viscosity  rj, 
which  according  to  Einstein’s  formula  is  a  linear  function  of  the  total  volume 
cp  occupied  by  the  particles  contained  in  one  unit  of  volume  of  the  suspension, 
is  also,  if  the  number  of  particles  is  invariable,  a  linear  function  of  the 
volume  of  the  individual  particles.  In  the  case  when  viscosity  is  linked  to 
the  volume  of  particles  by  the  equations  of  Arrhenius  or  of  Kunitz,  the 
volume  fp  is  still  a  growing  function  of  viscosity,  and  consideration  of  this 


function:  cp=  -f  gives  information  as  to  the  total  volume  of  the 

Mo/ 

particles. 

In  all  cases,  the  study  of  viscosity  gives  indications  which  complete  those 

that  can  be  derived  from  the  study  of  the  coefficient  of  luminous  absorp¬ 
tion  h. 

In  brief,  if  in  the  course  of  the  evolution  of  a  suspension  the  coefficient  of 
luminous  absorption  goes  on  increasing,  it  must  be  concluded  that  the  volume 
of  the  individual  particles  has  increased,  this  volume  being  proportional  to  h 
If  the  viscosity  does  not  vary,  it  must  be  concluded  that  the  evolution  of  the 
suspension  was  caused  by  some  coalescence  of  the  particles  without  inter¬ 
vention  of  the  solvent.  If  the  viscosity  increases,  it  means  that  there  has 
been  fixation  of  the  solvent  by  the  particles. 

mi0n7U^,y’.the  comParison  °f  measurements  of  viscosity  and  of  the 
coefficient  of  luminous  absorption  (optical  density)  enables  one  to  studv 
the  variations  of  the  number  r  of  particles  in  suspension.  For,  the  total  volume 

f  of  particles  being  a  function  f  (1)  of  the  relative  viscosity  of  the  sus- 

rension  with  respect  to  the  solvent,  and  the  coefficient  of  luminous  absorption 
emg  proportional  to  the  volume  of  the  individual  particles,  V,  the  quotient: 


;ives  the  number  of  particles. 

md^the' viscosity  0ofU8CTum°  °f  <*  «>e  optical  density 

In  this  table  we  find:  (1)  The  values  log  Io/J  0f  the  logarithm  of  the 
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Table  21. 


Temp. 

(°  C) 

T  Io 

Log  y 

v_ 

VO 

s(i) 

f(i) 

T 

Logy 

E 

A 

K 

E 

A 

K 

50 

0.10 

1.8 

0.7 

0.223 

0.12 

7.5 

2.2 

1.2 

55 

0.11 

1.8 

0.8 

0.249 

0.13 

7.7 

2.3 

1.1 

58 

0.11 

1.9 

0.9 

0.283 

0.15 

8.3 

2.5 

1.3 

60 

0.14 

2.0 

1.0 

0.314 

0.15 

7.8 

2.3 

1.1 

62 

0.16 

2.3 

1.3 

0.358 

0.18 

8.0 

2.3 

1.1 

64 

0.21 

2.9 

1.9 

0.464 

0.22 

9.0 

2.2 

1.0 

66 

0.23 

4.0 

3.0 

0.612 

0.27 

13.5 

2.6 

1.2 

quotient  of  the  initial  luminous  intensity  to  the  transmitted  intensity  for  a 
serum  heated  ten  minutes  at  different  temperatures,  t,  and  cooled.  (2)  The 

values  of  the  relative  viscosity,  — ,  for  serum  heated  at  the  same  tempera¬ 
te 

tures.  (3)  The  values  of  the  functions  f  Q)  given  by  the  equations  of 
Einstein  (E) ,  Arrhenius  (A)  and  Kunitz  (K).  (4)  The  quotients: 

/(i) 

i  7°" 

logy 

relative  to  these  diverse  functions  which,  as  we  outlined  above  (see  the 
original  paper  for  the  calculations) ,  are  proportional  to  the  number  of  par- 

Table  22  gives  analogous  results,  in  which  the  author  combines  three 
series  of  measurements  of  optical  density  and  three  series  of  measurements 


Table  22. 


Temp. 

(°  C) 

T  Io 

Logy 

v_ 

vo 

/(i) 

./(£> 

T  /0 

Logy 

E 

A 

Iv 

E 

A 

K 

50 

55 

58 

60 

62 

64 

66 

0.105 

0.108 

0.120 

0.140 

0.165 

0.222 

0.238 

1.937 

1.947 

2.007 

2.123 

2.315 
2.649 

3.315 

0.94 

0.95 

1.00 

1.12 

1.31 
1.70 

2.32 

0.287 

0.289 

0.302 

0.327 

0.364 

0.423 

0.520 

0.14 

0.14 

0.15 

0.16 

0.17 

0.20 

0.24 

8.9 

8.8 

8.4 
8.0 
8.0 

7.4 
9.7 

2.7 

2.7 

2.5 

2.3 

2.2 

1.9 

2.2 

1.3 

1.3 

1.2 

1.1 

1.0 

0.9 

1.0 
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V 

of  viscosity,  the  values  of  log  I0/I  and  of  —  being  the  mean  of  the  three 

Vo 

determinations. 

“Thus,  we  see  that  measurements  of  viscosity  and  of  optical  density  lead 
us  to  admit  that  the  number  of  particles  present  in  serum  does  not  vary  in 
the  course  of  the  transformations  produced  by  heating.  (The  three  last 
columns  give  approximately  constant  figures:  the  one  which  corresponds  to 
the  formula  of  Einstein  is  the  least  good,  but  we  know  that  Kunitz  showed 
that  it  only  applied  in  the  case  of  very  dilute  solutions,19  which  is  far  from 
being  the  actual  case.)  The  serum  molecules  swell  by  fixation  of  water  and 
their  number  does  not  vary.  These  results  confirm  very  clearly,  therefore, 
the  conclusions  of  M.  Lecomte  du  Nouy,  who  started  from  different  theoreti¬ 
cal  considerations.”* 

It,  therefore,  seems  to  be  well  established  that,  in  spite  of  its  typically 
colloidal  aspect,  heated  serum  contains  neither  more  nor  less  scattering 
particles  than  fresh  serum;  that  there  has  been  neither  aggregation  nor  dis- 
aggiegation  (at  any  rate  for  a  short  time  of  heating) ;  that  the  molecules 
have  simply  increased  in  volume;  and  that  their  optical  anisotropy  has  been 
increased. 


We  can  now  try  to  get  an  idea  of  the  manner  in  which  these  water  mole¬ 
cules  are  fixed  to  the  serum  molecules  so  as  to  explain  the  preceding  phe¬ 
nomena. 

We  have  four  principal  experimental  facts  concerning  normal  serum, 
name}.  (1)  The  volume  of  the  molecules  increases  only  when  the  tem¬ 
perature  has  reached  about  55°.  (2)  The  volume  of  the  molecules  then 

and  a'm0St  Hnearly  as  a  function  of  the  temperature, 
hiah  values  at  depolarization  increases  in  a  continuous  fashion  and  attains 
g  values.  (4)  There  is  no  agglomeration  of  molecules  as  a  result  of  heat- 
g„  u  number  of  scattering  particles  remains  constant 
W  e  have  been  unable  to  find  in  the  literature  any  precision  whatever  on 

‘Wion  T”  ,  hyd!'ati0n'  The  terras  employed  are  usually  “hydration  ” 

Italics  ours. 

find  for  the  perisphere  of  !ra°ter^  of  which  is  known,  we 

meters,  whereas  the  nucleus  of  the  mirellfhn*  dlelectnc  attraction),  70  X  10'8  centi- 
Marmesco,  Com*.  Rend.  ^  to  27  X  10-  centimeters  ” 
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knowledge  it  has  not  been  the  object  of  any  special  study,  but  we  do  not 
pretend  to  have  read  everything  published  on  the  subject  in  all  languages. 

However  it  seems  that,  actually,  the  general  tendency  is  to  consider  that 
the  water  molecules  are  adsorbed  at  the  periphery  of  the  protein  molecule. 
Let  us  try  to  see  what  would  be  the  consequences  if  such  were  the  case. 
As  the  heating  increases  a  greater  number  of  molecules  are  adsorbed.  The 
large  protein  molecule  is  finally  surrounded  by  a  layer  of  water  the  thick¬ 
ness  of  which  goes  on  increasing  until,  as  our  experiments  and  calculations 
showed,  it  can  attain  a  value  equal  to  about  one-half  the  “mean  diameter” 
of  the  normal  serum  molecule,  i.e.,  about  the  thickness  of  20  molecules  of 
water  (H20,  monohydrol) .  When  this  thickness  is  reached,  the  total  volume 
of  the  molecule,  including  its  water  envelope,  is  multiplied  by  9  and  there 
is  contact  between  the  water  which  is  fixed  on  all  the  molecules:  the  serum 
is  coagulated.  Now,  according  to  this  theory,  it  is  not  the  molecules  them¬ 
selves  wrhich  are  in  contact,  but  the  water  of  adsorption. 

What  is  the  difference  then  between  the  serum  in  a  liquid  state,  where 
the  molecules  are  at  the  same  distance  from  one  another,  and  the  gel,  in 
which  nothing  is  changed  except  that  the  water  is  “adsorbed”?  What  is  the 
significance  of  this  mysterious  force  of  adsorption  which  can  make  itself  felt 
through  a  thickness  of  about  40  layers  of  water  molecules  (twenty  on  each 
molecule)?  The  usual  answer  is:  pure  electrostatic  action.  A  gel  would 
thus  be  constituted  of  water  immobilized  by  forces  and  would  not  be  a  struc¬ 
ture.  It  would  then  be  difficult  to  understand  why  the  optical  anisotropy  of 


the  molecule,  revealed  by  the  measurements  of  the  factor  of  depolarization, 
should  increase  constantly  and  more  and  more  rapidly  as  coagulation 
progresses.  It  would  even  be  difficult  to  understand  w  hy  the  quantity  of 
scattered  light  (proportional  to  the  square  of  the  volume  of  the  particles) 
should  increase  as  a  function  of  the  temperature,  unless  we  admit  that  the 
optical  properties  of  the  fixed  water  differ  profoundly  from  those  of  free 
water.  What  is  more,  it  would  be  hard  to  understand  the  nature  of  the 
differences  between  the  water  which  surrounds  the  protein,  which  is  no  longer 
liquid,  and  the  liquid  water  in  which  it  floats:-1  what  is  admissible  for  a 
monomolecular  or  a  bimolecular  adsorbed  layer  is  inacceptable  when  the 
layer  is  20  Angstroms  thick.  Finally,  why  should  a  rise  of  1°  in  the  tem¬ 
perature  determine  the  fixation  of  a  new  layer  of  water  on  the  others  and 
why  does  this  adsorption  take  place  only  above  a  certain  temperature  (56  ) 

and  not  below?  .  , 

It  is  evident  that  this  hypothesis  is  as  difficult  to  accept  as  that  of  eoag  - 


21  Electrostatic  attraction,  which  has  been  called  in  to  explain  these  ^ct®’  ^  ®  t  j 
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lation  by  aggregation  of  molecules  which,  as  wTe  have  seen,  is  in  absolute 
contradiction  to  the  experimental  observations. 

But  another  hypothesis  can  be  put  forward  which,  though  seemingly 
heterodox,  is  in  reality  quite  classical  and  has  the  advantage  of  explaining 
all  the  preceding  experimental  facts.  This  hypothesis  consists  simply  in 
admitting  that  the  water  is  adsorbed  inside  the  protein  molecule,  between 
the  ramified  chains  which  constitute  its  complex  structure. 

To  penetrate  into  the  interior  of  this  structure,  which  is  protected  by  a 
field  of  forces  between  the  external  groups,  the  small  molecules  of  water 
must  possess  a  certain  ballistic  energy.  A  stone  thrown  by  hand  does  not 
penetrate  an  obstacle  which  is  easily  pierced  by  a  bullet.  This  ballistic 
energy  is  supplied  by  the  temperature,  and  this  explains  the  hitherto  mys¬ 
terious  fact  that  below  54°  the  serum  is  practically  unalterable,  no  matter 
how  long  the  duration  of  the  heating.  Below  a  certain  temperature  the 
kinetic  energy  of  the  molecules  of  water  is  not  great  enough  to  enable  them 
to  overcome  the  peripheric  forces  of  the  protein  molecule.  But  as  soon  as 
the  energy  has  exceeded  a  certain  value,  which  is  precisely  determined  by 
the  magnitude  of  the  forces  of  attraction  between  the  water  molecules,  the 
latter  force  an  entrance  and  infiltrate  themselves  between  the  atomic  rami¬ 
fications.  If  the  temperature  does  not  increase  beyond  this  value,  the  kinetic 
energy  of  the  molecules,  which  is  proportional  to  the  temperature,  remains 
constant.  The  molecules  can  penetrate  only  to  a  certain  depth,  and  for  low 
and  medium  temperatures  (55°  to  58°)  a  state  of  equilibrium  corresponding 
to  a  kind  of  saturation  is  probably  reached  when  the  heating  is  maintained 
long  enough  In  other  words,  the  increase  in  volume  of  the  particles  is  not 
proportional  to  the  time  of  heating,  but  tends  toward  a  constant  value  The 
curves  which  express  this  phenomenon  should  have  an  appearance  of  con- 
vexity  toward  the  axis  of  ordinates  (volumes)  and  finally  take  on  an  asymp¬ 
totic  aspect  if  the  heating  is  prolonged.  On  the  other  hand,  for  high  tem- 
pera  ures,  beyond  60°,  the  tendeney  of  the  curve  to  settle  at  a  constant  value 
should  decrease  as  a  result  of  the  deformation  which  takes  pllee  and  of  he 
weakenmg  of  the  peripheric  molecular  forces,  and  should  entirely  d"sapp  a 

^Fig  27)g  "  temPeratUre8'  ™S  "  wha‘  ^e  experiments  Tow 

If,  on  the  other  hand,  the  time  of  heating  is  the  samp  nnH  + 
is  raised,  the  kinetic  energy  of  the  molecules  of  w!  h  temperature 
penetrate  more  deeply  into  tbn  w*  •  t  ^ater  increases  and  they 

bers.  Their  number  Should  1  H  r 1  “?■  StTUCtUre  and  in  *»»*«  num- 

and  the  curve  representing  the  increase  i'nthevolume  ofth  f  Pf  ?teati°n’ 
cules  as  a  function  of  ternnemtnro  u  ,  01ume  of  the  protein  mole- 

is  also  what  the  experiments  show  (Figs  38  to  42)“'^  ^.straigh(t  line-  This 
molecules  which  strike  the  protein  molecule 
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temperature,  the  increase  in  the  volume  of  the  latter  is  a  linear  function  of 
the  temperature,  which  is  a  direct  consequence  of  the  preceding  observation. 

This  hypothesis,  therefore,  supplies  an  explanation  for  the  stability  of 
the  serum  up  to  about  55°,  and  its  subsequent  behavior,  up  to  complete 
coagulation.  However,  it  alone  cannot  explain  the  irreversibility  of  these 
phenomena.  Indeed,  as  temperature  is  a  statistical  phenomenon,  there  are 
molecules  of  water  which  have  a  sufficient  kinetic  energy  even  at  tem¬ 
peratures  below  55°  to  enable  them  to  penetrate  a  serum  molecule.  If  the 
phenomena  were  reversible  one  could  understand  how  an  equilibrium  could 
be  reached.  But  above  55°,  or  thereabouts,  the  molecules  of  water  are 
irreversibly  fixed.  Besides,  the  phenomena  which  we  measure  are  also 
statistical  and  the  time  of  heating  also  plays  a  part,  even  though  a  slight 
one.  Four  hours  of  heating  at  50°  determines  a  slight  increase  in  the  rota¬ 
tory  power,  for  instance;  it  is  therefore  necessary  to  admit  that  a  tem¬ 
perature  of  approximately  55°  determines  a  slight  chemical  change  in  the 
structure  of  the  protein  such  that  the  molecules  of  water,  when  they  have 
penetrated  into  the  interior,  are  definitively,  chemically  fixed,  which  would 
explain  the  threshold  of  55°  and  the  irreversibility.  This  hypothesis  is  in 
accord  with  the  fact  that  the  curves  which  express  the  viscosity  as  a  function 
of  the  temperature  show  that  the  phenomenon  is  reversible  as  long  as  the 


heating  has  not  been  carried  beyond  55°. 

In  brief,  as  everything  takes  place  as  if  the  molecules  of  serum  were 
hydrated  from  the  interior  much  more  than  from  the  exterior,  and  swelled 
like  a  cube  of  gelatin,  all  the  transformations  that  we  described  in  the  optical 
properties  become  comprehensible:  especially  the  continuous  increase  of  the 
rotatory  power  and  of  the  factor  of  depolarization.  Indeed,  as  we  have 
shown,22  the  rate  of  increase  of  the  rotatory  power  as  a  function  of  the 
temperature  (increase  of  the  angle  of  rotation  per  minute  for  heatings  of 
five  minutes)  is  very  nearly  a  linear  function  of  the  temperature.  This  can 
be  very  easily  explained  if  it  is  admitted  that  the  bombardment  and  pene¬ 
tration  of  the  water  molecules  progressively  separate  the  ramifications  and 
chains  of  the  protein,  thus  modifying  the  previously  existing  symmetry. 
This  very  regular  modification  manifests  itself  by  the  continuous  increase  o 
the  rotatory  power,  proportionally  to  the  temperature.  As  the  swelling 
nrogresses  the  relative  place  of  the  chemical  groups  varies  in  space  as 
theTwere  fixed  on  a  spfral,  the  length  and  diameter  of  which  would  grow 
simultaneously  without  necessarily  modifying  the  length  of  he  prm<ap^ 
chain  or  chains.  The  spirals  of  an  elastic  coil-spring  give  an  idea  of  these 
deformations.  It  is,  moreover,  possible  that  the  fixation  of  water  on  certain 
internal  groups  also  contributes  to  modify  the  rotatory  power. 

It  would  be  impossible  to  explain  the  continuity  of  this  phenomenon 


22  See  pages  43  and  44. 
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of  rotation  of  the  polarization  plane  or  even  the  phenomenon  itself,  if  the 
coagulation  were  due  to  a  micellar  aggregation.  The  only  hypothesis  which 
enables  one  to  interpret  the  observed  facts  is  that  of  a  molecular  dispersion 
in  the  serum,  that  is  to  say,  the  concept  of  a  true  solution  which  is  main¬ 
tained  until  coagulation. 

The  rapid  increase  of  the  optical  anisotropy,  revealed  by  the  considerable 
increase  of  the  value  of  the  depolarization  factor,  is  thus  very  simply  ex¬ 
plained  by  the  relative  displacement  in  space  of  the  atomic  groups  and  the 
penetration  of  the  water  molecules. 

From  a  biological  point  of  view  it  is  clear  that  the  progressive  separation 
of  the  groups  could  modify  totally  the  chemical  properties  of  serum.  From 
this  we  must  conclude  that  the  complementary  power  very  probably  depends 
on  the  superficial  groups  of  certain  molecules  which  are  easily  displaced  and 
perhaps  dissociated  by  violent  impacts,  whereas  the  sensitizer,  a  specific 
property  of  the  molecule,  depends  on  smaller  and  more  stable  chemical 
groups  and  therefore  is  affected  only  when  the  water  molecules  can  penetrate 
deeply  enough  to  alter  the  molecular  architecture  of  these  groups  definitively 
or  simply  to  destroy  the  links  which  unite  them  to  the  whole. 

The  curves  expressing  the  values  of  p  clearly  show  that  it  is  between  62° 
and  66°  that  the  deepest  modifications  of  symmetry  probably  take  place. 

Polarimetry  is  a  more  sensitive  method  than  the  one.  described  in  this 
chapter  and  shows  that  for  heatings  of  the  order  of  60  minutes  the  phe¬ 
nomenon  begins  around  50°. 23  However,  by  virtue  of  this  very  sensitivity 
it  is  possible  that  these  changes  of  symmetry  at  a  low  temperature  are  due 
to  local  atomic  alterations  and  not  to  a  penetration  of  the  water  molecules. 
In  other  words,  they  would  reveal  the  phenomena  of  peripheric  displacement 
which  influence  the  volume  of  the  molecule24  only  to  a  slight  degree. 

A\e  had  thought  that  it  should  be  possible  to  put  in  evidence  a  change 
in  the  structure  of  the  serum  molecule  (increase  of  a  diameter  with  respect 
to  the  others)  by  measurements  of  the  magnetic  birefringence.  The  experi¬ 
ments  would  have  been  an  argument  in  favor  of  the  fact  that  the  increase 
of  the  depolarization  factor  was  due  to  a  change  in  the  shape  of  the  mole- 
cu  e  With  this  in  view,  we  conducted  a  series  of  experiments  with  the  large 
electromagnet  of  the  Academy  of  Sciences  at  Bellevue  which  Professor 
Cotton  kindly  put  at  our  disposal  and  in  which  he  himself  participated. 

23  See  page  43. 

rtSi*  SLJfcSiS1?'  °f  th°  ”Cti0n  0f  el6CtroI^8-  Meed.  we 
are  about  constant  on  condition  oT  not ’beT™’  P°f  CSS,1[lg]  Partlcular  properties  which 
series  of  experiment  the  immediate  Tos^t  of  which  fa  a  whole 

serum  as  a  physico-chemical  system  TWriv!  ,  **  the  dest™tion  of  the 

of  the  behavior  and  role  of  electrolytes  with  the  hS’  "  f  d^cl(?od  to  tr^  to  Sot  some  idea 
be  dealt  with  in  another  chapter  h  h  H  P  °f  phySlcal  methods;  this  work  will 
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Three  samples  of  serum  were  placed  in  a  magnetic  field  of  the  order  of 
50,000  gauss  (intensity  of  the  current,  400  amperes).  One  was  unheated  and 
the  others  heated  at  58°  and  64°  for  ten  minutes.  No  trace  of  birefringence 
was  observed.  This  seems  to  demonstrate  that  the  geometrical  symmetry  of 
the  molecule  is  not  measurably  modified  by  heating.  The  considerable  in¬ 
crease  in  the  value  of  p,  therefore,  can  not  be  solely  due  to  the  increase  in 
volume,  as  we  showed  further  back,  nor  in  all  probability  to  a  change  in 
shape.  It  can  therefore  be  determined  only  by  an  important  modification  of 
the  optical  anisotropy  of  the  molecules,  which  is  a  necessary  consequence  of 
the  relative  displacements  of  the  atomic  groups  due  to  an  expansion  by 
hydration. 

We  can  deduce  another  conclusion  from  the  preceding  pages  and  the 
experiments  described  in  this  chapter.  If  we  refer  to  the  works  of  Mie,  we 
see  that  the  quantity  of  depolarized  light  attains  10  per  cent  when  the  par¬ 
ticles  are  of  the  order  of  130  m/x.  Now,  we  regularly  observed  values  of  p 
varying  from  50  to  70  per  cent  and  more;  nevertheless,  the  particles  probably 
do  not  attain  lengths  of  the  order  of  100  X  10~8  centimeter,  or  10  m/x.  We  are 
still  more  than  10  times  below  the  values  given  by  Mie.  Consequently,  in 
this  particular  case  there  is  another  argument  in  favor  of  the  change  in 
structural  symmetry  and  in  the  optical  anisotropy  of  the  protein  molecules 
as  a  result  of  hydration,  for  if  the  increase  were  produced  solely  on  the 
periphery  it  would  be  symmetrical. 

We  are  therefore  led  to  admit  that  the  effect  of  an  elevation  of  tem¬ 


perature  manifests  itself  principally  by  a  penetration,  a  bombardment  of  the 
water  molecules  toward  the  interior  of  the  serum  molecules,  the  consequence 
of  which  is  the  increase  in  volume  of  the  latter  as  a  result  of  the  unfolding 
of  the  internal  chains  which  normally  exist,  probably  in  the  shape  of  spiials, 
the  carbon  valences  being  separated  from  one  another  by  an  angle  of  109  . 
This  hypothesis  is  not  in  contradiction  with  the  theory  of  Debye-Hiickel 
(perisphere  of  adsorbed  water) ,  for  this  is  valid  only  for  molecules  which  can 
be  assimilated  to  spheres  and  which  carry  a  punctual  electric  charge.  Neither 
of  these  conditions  can  be  applied  to  the  protein  molecules,  which  are 
asymmetrical,  anisotropic  and  composed  of  a  large  number  of  amino  acids 

linked  together.  ,  1  .  , 

This  hypothesis  of  coagulation  by  intramolecular  hydration  can  be  sub¬ 
jected  to  a  crucial  test  which  we  had  conceived  before  it  was  made  possi  e 
by  the  remarkable  inventions  of  Mr.  James  Basset.  This  test  is  the  follow¬ 
ing  We  stated  above  that  the  threshold  of  55°  was  conditioned  by  pen- 
molecular  forces  and  by  the  mutual  attraction  or  force  of  cohesion  between 
the  water  molecules  (11,000  atmospheres)  .24a  Now,  Prof.  Macheboeu 
24*  See  Willows  and  Hatschek,  “Surface  Tension  and  Surface  Energy,  p.  13,  London, 
Churchill,  (1923). 
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Dr.  Sandor  used  the  ultra-pressure  pumps  of  Basset,  which  can  attain  the 
really  formidable  pressure  of  24,000  atmospheres, “J  and  submitted  the  serum 
to  pressures  varying  between  1,000  and  13,000  atmospheres.  They  found, 
to  their  surprise,  that  the  serum  coagulated  around  11,000  atmospheres.-’0 
It  seems  at  first  sight  that  our  hypothesis  alone  could  explain  this  curious 
phenomenon.  It  is  evident  that  the  mechanism  of  hydration  through  thermic 
bombardment  is  not  the  same  as  that  of  hydration  through  pressure.  In  the 
first  case  it  is  the  kinetic  energy  of  the  water  molecules  which  intervenes, 
while  in  the  second — the  mean  kinetic  energy  being  constant — it  is  solely  the 
quantity  of  movement.  Nevertheless,  the  result  is  the  same  when  one  reaches 
ultra-pressures  which  are  of  the  order  of  magnitude  of  the  cohesion  of  water 
molecules  (11,000  atmospheres). 


Note  on  the  Definitions  and  Symbols  Employed  in  this  Chapter 


Depolarized  Light.  There  is  an  apparent  contradiction  between  the 
terms  employed  which  can  be  easily  explained.  The  total  scattered  flux 
FT  includes: 

(1)  A  flux  Fn  of  natural  light. 

(2)  A  flux  Fv  of  polarized  light  with  vertical  vibrations. 

Thus  Fr=Fn-\-Fv.  After  passing  through  the  nicol  which  stops  the  vertical 
vibrations,  this  flux  will  become  jH,  polarized  in  the  horizontal  plane. 

Fn 

Considei  fH=—-)  (the  losses  by  reflection  due  to  the  nicol  being  neglected). 


Aftci  passing  through  the  nicol,  which  stops  the  horizontal  vibrations, 
the  flux  will  become  /„,  polarized  in  the  vertical  plane:  fv=—  +Fv  =  fn+Fv. 

The  flux  Fn  of  depolarized  light,  therefore,  has  a  value  which  is  double  that 

°  "  ^  transmitted  by  the  nico1  transparent  to  horizontal  vibrations. 

When  we  define  the  factor  of  depolarization  by  the  ratio:  Ih/Iv,  we  are 
really  speaking  of  the  ratio  fH/fv. 

.Moreover  in  all  the  measurements  made  with  the  V.B.Y.  photometer 
he  not.ons  which  intervene  are  those  of  a  luminous  flux,  of  luminance  and  of 

— k  ,  “r  86  °f  MenSitV  in  the  strict  sense  of  th*>  word.  If  we 
ed  the  symbols  /„  and  /  it  was  because  this  book  is  intended  mostly  for 

r« y„z z  ta”1  ihe  -“j"  ■  ■" » «■ 

25  rpi 

the  order  °f  *  ‘““h  «“  *  the  mo“-t  of  the  explosion  is  of 

Basset.  Macheboeuf,  and  Sandor,  Compl.  Rend.  Acad.  Sci..  197,  796  (1933). 
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Similarly,  on  page  72  we  refer  to  the  absolute  value  of  ratio  I0/l .  It 
would  evidently  be  more  correct  to  speak  of  the  absolute  value  of  the  ratio: 

b  ( luminance  of  the  diffusing  surface)  „  .  ..  . 

— jp  ,  -i, - : - j- — t — \ —  =  B  in  candles  by  square  meter 

E  ( illuminance ,  expressed  in  Lux) 

(See  Fig.  30).  For,  by  substituting  a  perfectly  diffusing  surface  (coating  of 
magnesium  oxide,  for  instance)  for  X,  this  perfectly  diffusing  surface  takes, 

E 

under  an  illuminance  E,  a  luminance  B  such  that  B  =  — .  As  the  photometer 

7 r 

can  measure  —  it  is  possible  to  deduce  — . 

B  E 

This  terminology  corresponds  to  the  recommendations  of  the  Colorimetry 
Committee  of  the  Optical  Society  of  America  (p.  246  of  the  Journal  of  the 
Society,  May  1944) .  However,  Professor  Arthur  C.  Hardy,  of  the  Massa¬ 
chusetts  Institute  of  Technology,  who  favors  these  terms  and  to  whom  we 
are  indebted  for  this  information,  points  out  that,  in  the  terminology  of  the 
Illuminating  Engineering  Society  the  above  equation  would  read: 

b  (brightness  of  the  diffusing  surface  X)  =  ^ 

E  (illumination,  expressed  in  Lux) 


Chapter  7 


Ionic  Equilibria  of  Serum  as  a  Function  of  Temperature. 

I.  Sedimentation 


So  far,  we  have  not  taken  into  account  any  of  the  correlative  ionic  phe¬ 
nomena  which  probably  play  an  important  part  in  the  facts  we  have  studied. 
We  left  them  aside  purposely  so  as  to  simplify  the  problems  arbitrarily,  and 
to  get  a  comprehensive  view  and  a  general  idea  of  the  evolution  of  the  physi¬ 
cal  and  physico-chemical  phenomena  subsequent  to  heating.  We  shall  now 
describe  as  simply  as  possible  the  preliminary  experimental  results  obtained 
by  studying  ionic  phenomena. 


Precipitation  of  Globulins  by  Addition  of  Water.1 

Unheated  Serum.  It  has  been  known  for  a  long  time  that  the  stability 
of  certain  proteic  elements  of  serum  (globulins)  depended,  among  other 
factors,  on  the  concentration  of  salts.  When  serum  is  diluted  with  distilled 
water,  a  cloudiness  generally  appears,  which  is  followed  by  the  precipitation 
of  part  of  the  globulins.  Nothing  of  the  kind  is  observed  when  the  dilution 
ib  made  w  ith  a  0.9  per  cent  isotonic  physiological  solution.  The  decrease  in 
the  salt  concentration,  therefore,  brings  about  a  decrease  in  the  solubility  of 
the  globulins,  if  we  admit  that  they  exist  in  serum  in  a  free  state,  or  a  separa¬ 
tion  fiom  the  serum  molecule,  if  we  admit  that  they  are  normally  combined. 

Two  possible  mechanisms  of  the  phenomenon  can,  therefore,  be  consid¬ 
ered:  either  there  is  a  true  insolubilization,  which  can  be  caused  by  a  change 
in  the  ionization  of  the  globulin  chlorides  and  other  globulin  salts  existing 
in  a  free  state  in  the  solution;  or  else  the  complex  serum  molecule  simply 
separates  in  two:  soluble  albumin  on  the  one  side  and  insoluble  globulin  on 
• e  other*  The  splitting  of  these  two  molecules  would,  in  itself,  entail  pre¬ 
cipitation  of  the  molecule  which,  though  normally  insoluble,  derived  an 
apparent  solub'hty  from  the  fact  that  it  was  combined-no  matter  how- 
i  h  another  substance,  (albumin)  molecularly  dispersed.  This  question 

resulte  obtained  it  t  h"7  "  pr°pose  experiment 

the  phenomcnon  Precipitation 
alter  the  addition  of  distilled  water  to  normal,  unheated  and  heated  serum. 

Lecomte  du  Nouy,  Ann.  Inst.  Pasteur,  48,  187  (1932). 
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Table  23.  Light  Scattered  by  a  Normal  Horse  Serum  After  Addition  of  Distilled  Water 


No.  cc  water 
added  to  1  cc  serum 

Relative  concentration 
in  salts 
(%) 

Readings:  Log  j° 

After  1  hour 

After  4  hours 

Pure  serum 

1 

2.18 

2.23 

+  1 

0.50 

2.12 

2.14 

2 

0.33 

2.06 

2.08 

3 

0.25 

1.54 

1.50 

4 

0.20 

1.30 

1.30 

5 

0.168 

1.17 

1.21 

6 

0.143 

1.15 

1.16 

7 

0.125 

1.12 

1.14 

8 

0.115 

1.12 

1.14 

9 

0.100 

1.13 

1.15 

10 

0.091 

1.15 

1.17 

11 

0.083 

1.17 

1.19 

The  method  employed  has  the  advantage  of  being  very  rapid,  and  of 
being  at  least  as  accurate  as  the  weighing  method,  which  requires  a  great 
many  manipulations  and  thus  introduces  a  large  number  of  causes  of  error. 


ing  quantities  of  distilled  water.  The  figures  representing  the  values  of  log  y 
decrease  as  the  scattered  light  increases,  that  is,  as  the  solution  becomes  more  and 


more  cloudy. 

The  quantity  of  light  scattered  at  right  angles  by  the  solution  was  deter¬ 
mined  with  the  instrument  already  described.2  To  monochromatize  the 
light  we  used  a  blue  Wratten  filter  No.  45H,  which  allows  the  passage  of  a 
dominant  wave  length  of  4,800  Angstroms.  The  figures  obtained  express  the 


2  See  page  67. 


1.  SEDIMENTATION 


105 


value  of  log  /„//,  i.e.,  the  ratio  of  the  intensity  of  incident  light  to  that  of 
scattered  light.  It  is  known  that  this  value  is  proportional  to  the  number  of 
scattered  particles  (when  the  latter  are  very  small)  and  to  the  square  of 
their  volume  (assuming  that  their  shape  does  not  vary  much  from  that  of  a 


Fig.  44.  Same  experiment  as  that  shown  in  Fig.  43  but  with  a  different  serum.  The 
phenomenon  is  less  marked. 

sphere).  Table  23  expresses  the  results  of  a  series  of  measurements  and 
gives  the  general  aspect  of  the  phenomenon  (Figs.  43  and  44). 

The  measurements  were  made  at  intervals  of  one  and  four  hours  after 
the  preparation  of  the  solutions,  which  were  stirred  so  as  to  insure  homo¬ 
geneity.  From  0  (undiluted  serum)  to  200  per  cent  (1  cc  of  serum +  2  cc  of 
water),  the  quantity  of  scattered  light  increases  very  little  and  remains 


3  4  5  6  7  8  9  10  12  14  15  18 

Dilution  (with  isotonic  NaCl  solution) 

»^.SCf»«onnom^,,r,sr  deSc8  ofwirtf 


approximately  proportional  to  the  dilution.  Beyond  200  ner  eenf  tl  „  • 

sudden  increase  clonrlv  i  k  uu  Per  cent  there  is  a 

logarithmic  aspect.  Fig.  45  shows  b^cIT™68  thereafter  assume  a 

when  the  serum  is  diluted  with  thpnh  •  mpanson’  ^lc  aspect  of  the  curve 

diluted  with  the  physiological  solution  instead  of  distilled 
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water.  It  can  be  seen  that  log  ljl  increases,  that  is  to  say  that  /,  (scattered 
light)  decreases. 

Around  500  per  cent  (5  cc  of  water  +  1  cc  of  serum),  the  curve  reaches 
a  minimum.  This  low  value  is  usually  maintained  until  around  900  per  cent, 
when  the  scattered  light  begins  to  decrease.  (The  figures  in  the  table  express 
log  ljl  and  are  inversely  proportional  to  the  intensity  of  the  scattered  light, 
which  explains  the  fact  that  they  first  decrease  and  then  increase).  The 
addition  of  5  cc  of  water  to  1  cc  of  serum  can  increase  the  scattered  light  in 
the  proportion  of  1  to  13. 

It  is  evident  that  the  reason  why  the  phenomenon  is  so  clear  is  the  high 
concentration  of  insoluble  globulins  in  horse  serum.  Following  are  the  mean 
quantities  of  globulins  in  different  sera,  according  to  physiological  and  bio¬ 
chemical  textbooks: 

Horse  4.3  per  cent 

Ox  3.5  “  “ 

Sheep  2.3  “  “ 

Pig  1.8  “  “ 

Rabbit  2.0  “  “ 

The  curve  obtained  with  ox  serum  is  almost  analogous  to  that  with  horse 
serum,  but  the  break  corresponding  to  a  dilution  to  %  of  the  initial  salts, 
which  characterizes  the  horse  serum  curve,  is  not  observed.  The  curves 
given  by  the  sera  of  other  animals  which  are  poor  in  globulins  (about  half 
the  amount  contained  in  horse  serum)  are  totally  different.  They  are  con- 


Fig.  46.  Experiment  similar  to  those  of  Figs.  43,  44,  45,  but  with  sheep’s  serum  having 
a  slight  content  in  globulins. 


vex  instead  of  concave,  and  this  convexity  is  very  similar  to  that  obtained 
by  diluting  serum  with  isotonic  solution  at  0.9  per  cent.  Fig.  46  gives  the 
results  obtained  with  sheep  serum. 

It  may  be  noted  that  the  more  frequently  the  horse  has  been  b  ed  the 
clearer  the  phenomenon  becomes.  Everything  takes  place,  in  brief,  as  if 
repeated  bleedings  resulted  in  an  increase  of  the  insoluble  por  ions  o 


serum. 
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Action  of  Temperature 

When  horse  serum  has  been  heated  for  ten  minutes  at  different  tempera¬ 
tures,  the  aspect  of  the  curves  expressing  the  precipitation  of  globulins  is 
modified.  Figs.  47  and  48  show  that  the  quantity  of  scattered  light,  that  is, 


Fig.  47.  Light  scattered  by  normal  horse  serum,  unheated  (solid  curve)  and  heated, 
as  a  function  of  the  dilution  with  distilled  water.  The  abscissae  express  the  num¬ 
ber  of  cubic  centimeters  of  water  added  to  1  cc.  of  senim.  Time  of  heating  10 
minutes. 


Fig.  48.  Same  experiment  as  in  Fig. 
47.  The  scale  of  ordinates  has 
been  increased  so  as  to  make  the 
curves  clearer.  10  minutes  heat¬ 
ing. 


the  number  or  the  volume  (or  both)  of  light-scattering  particles,  is  increased 
Moreover,  the  refractive  index  of  the  particles  varies  as  a  result  If  the  in' 
stability  brought  about  in  the  solution,  followed  by  insolubility  or  separation 
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of  the  elements.  Therefore,  the  factor  between  parentheses  ( — - — ^ 

\  rti2  +  2n2/ 


which  could  be  neglected  in  the  preceding  chapter,  becomes  important  and 

it  is  impossible  to  calculate  the  values  of  -x- 

dV  ' 


Each  temperature  corresponds  to  an  optimum  dilution  for  which  the 
quantity  of  light  laterally  scattered  at  90°  is  maximum.  This  maximum 
may  be  due  to  the  increase  in  volume,  to  the  increase  in  the  number  (as  a 
result  of  disaggregation) ,  and  to  the  increase  of  the  refractive  index  of  the 
insoluble,  light-scattering  particles,  as  we  said  above.  The  curves  show 
clearly  that  the  higher  the  temperature,  the  less  the  serum  must  be  diluted 


Table  24.  Light  Scattered  by  a  Horse  Serum  Heated  for  Ten  Minutes  after  Addition 

of  Distilled  Water. 


No.  of  cc 
water  added 
to  1  cc  of  serum 

Readings:  Log  ~ 

Unheated  Serum 

Heated  at  56° 

Heated  at  60° 

Heated  at  64° 

0 

1.98 

1.96 

1.72 

1.19 

+  0.5 

1.98 

1.96 

1.62 

1.09 

1 

1.99 

1.92 

1.59 

1.05 

1.5 

1.98 

1.84 

1.54 

1.00 

2 

1.95 

1.68 

1.53 

1.03 

3 

1.63 

1.56 

1.39 

1.05 

4 

1.33 

1.47 

1.32 

1.04 

5 

1.25 

1.40 

1.31 

1.07 

in  order  to  obtain  the  maximum  of  precipitation.  For  the  particular  serum 
employed  in  the  experiment  represented  in  Fig.  47,  this  maximum  is  obtained 
at  a  dilution  of  700  per  cent  in  the  unheated  serum  and  of  150  per  cent  in  the 
serum  heated  at  65°.  Either  the  insolubility  of  the  globulins  increases,  or 
else  the  complex  albumin-globulin  becomes  more  fragile.  The  shift  of  the 
maximum  begins  around  50°.  (We  remind  the  reader  that  this  maximum 
corresponds  to  a  minimum  in  the  figures,  as  the  measurements  express  the 
value  of  log  I0/I) .  But  Fig.  49  shows  that,  in  the  serum  studied,  the  general 
aspect  of  the  curves  is  modified  profoundly  only  above  57°.  Fig.  50  gives 
the  general  aspect  of  the  phenomenon  of  shift,  i.e.,  for  each  temperature,  the 
dilution  which  corresponds  to  the  maximum  of  scattered  light,  for  a  given 
horse  serum  heated  before  dilution. 

Redissolution  of  the  Precipitate 

The  globulin  precipitate  is  generally  completely  redissolved  by  adding 
NaCl.  When  normal  horse  serum  has  been  diluted  by  addition  of  five  times 
its  volume  of  distilled  water,  it  suffices  to  bring  the  salt  concentration  back 
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Fig.  49.  Same  experiment  as  Fig.  48,  but 
for  temperatures  not  exceeding  58°  C. 
10  minutes  heating.  It  may  be  seen 
that  for  this  serum,  the  same  as  in  Fig. 
48,  the  action  of  the  heat  is  slight,  up 
to  56°  C.  and  does  not  become  im¬ 
portant  before  58°  C.  See  Fig.  48 


^'rarvefstail.rTnTi,118’  aS/JUnCtr  °f  temPeratOTe.  the  shift  of  the  minima  of 
curves  similar  to  those  of  Figs.  47,  48,  49.  These  figures  show  that  the  curves 

when1  the ‘serum5  has-been  *7  “  ^  V"  ^ 

takes  place  at  700  per  cent  when  the  serum  has  been  heaWtoW-  C  maXimUm 


comp^d^dissoluUon*  *1  °f  ^  ™lue  with  NaCI-  to  —  almost 

t;ii  ,  .  .  ’  more  or  less  horizontal  plateau  is  observer!  fFicr 

51)  and  dissolution  is  approximately  total  at  100  per  cent  (The  r„,j-  S' 
the  photometer  reach  their  original  value.)  ‘  readmgS  °n 
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The  intermediary  quantities  of  NaCl  are  less  efficacious  when  the  diluted 
serum  has  been  slightly  acidified  (0.1  cc  to  0.3  cc  of  a  solution  of  0.1NHC1) 
so  as  to  determine  a  more  abundant  precipitation;  but  when  100  per  cent  is 


Lo9t 

2.00 

1.90 

1.80 

no 

1.60 

1.50 

1.40 

1.30 

1.20 


RedLssolved  with  NaCl  crystals 


Unheated 

- *  © 

r — 

““  /  / 

/  /  4 

1  1  1 

58° 

,1  (6) 

—  1  n  a 

•  Volumes  obtained  by 

1  ii  J 

diluting  the  same  serum 

/  ;i 

• 

with  0.9  per  cent  NaCl 

_  7  \  1  cc.  serum  +  5  cc.  HoO 

jiJi 

_J _ 1 _ 1 
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"Pep  cent  concentration 


Fig.  51.  Redissolution  of  the  globu¬ 
lin  precipitate  by  addition  of 
NAC1  crystals.  It  may  be  seen 
that  the  redissolution  is  almost 
complete  as  soon  as  the  salt  con¬ 
centration  reaches  around  0.4  per 
cent. 


reached  the  dissolution  is  likewise  practically  complete.  When  a  1  per  cent 
solution  of  NaCl  is  used,  the  proteins  are  diluted  and  the  salt  concentration 
is  increased.  This  is  expressed  in  the  curves  of  Fig.  52,  which  show  that  re- 


Fig. 


52.  Redissolution  of  the  globulin  precipitate 
It  may  be  seen  that  the  redissolution  is  almost 
when  the  concentration  is  increased. 


by  addition  of  NAC1  crystals, 
complete  and  hardly  increases 


dissolution  is  always  almost  complete  when  the  concentration  is  brought 
back  to  30  per  cent.  In  this  experiment  the  redissolu  ion  was  produced  with 
different  quantities  of  a  1  per  cent  NaCl  solution  (1,  2.  and  3  cc).  The 
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points  of  inflection  A,  B,  C,  of  the  curves  (corresponding  to  the  limit  of  prac¬ 
tically  total  redissolution)  are  found  at  concentrations  of  33,  30  and  28  per 
cent  of  the  normal  concentration  of  salts.  This  value  was,  therefore,  critical 
for  this  serum  (normal  horse  serum),  as  was  shown  in  Figs.  43  and  44. 

Rate  of  Sedimentation  of  Globulins 

The  globulin  'precipitates  formed  by  the  addition  of  water  show  a  distinct 
difference  in  their  aspect  according  to  the  temperature  at  which  the  serum 
has  been  previously  heated.  In  order  to  obtain  quantitative  measurements, 
instead  of  a  necessarily  imprecise  and  subjective  description,  we  measured 
the  rate  of  sedimentation  of  the  precipitate  by  using  the  same  technique  as 


Table  25.  Experiment  No.  16. 


Readings:  Log 


Jo 


Time 


0  min. 
5  min. 
10  min. 
15  min. 
20  min. 
25  min. 
30  min. 
35  min. 
40  min. 
45  min. 
50  min. 
60  min. 
75  min. 
90  min. 
105  min. 

2  hours 

3  hours 
5  hours 
7  hours 

18  hours 


Unheated  - 

56° 


1.33 

1.31 

1.33 

1.32 

1.34 

1.32 

1.34 

1.33 

1.34 

1.32 

1.35 

1.32 

1.66 

1.33 

1.73 

1.28 

1.86 

1.32 

1.91 

1.72 

1.95 

1.82 

1.97 

1.93 

2.04 

2.03 

2.10 

2.03 

2.15 

2.03 

2.21 

2.03 

2.42  2.31 


Heated  ten  minutes  at: 


57° 


58° 


1.26 

1.25 

1.25 

1.25 

1.25 

1.24 

1.24 

1.23 

1.14 

1.13 

1.55 

1.66 

1.77 

1.80 

1.85 


1.25 

1.25 

1.24 

1.24 

1.24 

1.24 

1.24 

1.25 
1.24 

1.24 

1.25 
1.25 

1.25 

1.26 
1.26 
1.27 
1.29 


2.05 

2.15 


1.45 


before,  i.e.,  by  measuring  the  relative  intensity  of  the  scattered  light  at  right 
angles  by  the  solution.  The  readings  (again  corresponding  to  the  values  of 

t  n  7o-  WGre  Tde  eVeiT  fiVG  minutes  over  a  Peri°d  of  three  hours  or  more, 
a  e  gives  the  results  of  a  series  of  measurements  made  on  fresh  normal 

£m’)  ‘°  fiVC  timeS  WS  V°1Ume  With  distilled  -ter  <v“y 

This  dilution,  as  we  showed  in  our  preceding  exnorimpn+c  , 

approximately  to  a  minimum  in  the  curve  representing  log  I/I  (Tabled 
and  Figs.  53  and  54,  Exp.  Nos.  26  and  38) .  8  (TaWe  25 
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Fig.  53.  Sedimentation  of  globulins.  The  curves  express  the  progressive  clearing  of 
the  serum  solution.  They  show  that  serum  heated  to  57°  C.  for  10  minutes,  clears, 
that  is  to  say  that  the  globulins  settle,  whereas  at,  and  above,  58°  C.,  the  solution 
has  a  milky  appearance  and  is  stable. 
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It  will  be  noted  that  the  sera  heated  at  56°  and  57°  (then  cooled)  show 
a  slight  decrease  in  log  I0/I  which  corresponds  to  a  momentary  increase  in 
the  scattered  light  at  the  end  of  35  minutes  in  the  first  case,  and  40  minutes 
in  the  second.  This  increase  is  followed  by  a  sudden  decrease  of  the  scat¬ 
tered  light,  which  goes  on  following  a  regular  curve,  practically  parallel  to 
that  of  unheated  serum.  This  phenomenon  simply  expresses  the  progressive 
clearing  of  the  solution  as  the  precipitated  globulins  sediment  at  the  bottom 
of  the  cell.  But  the  important  and  very  significant  fact  is  that  nothing  of 
the  kind  happens  when  the  serum  has  been  heated  at  58°.  In  other  words, 
in  the  latter  serum  (58°)  there  is  no  sedimentation:  the  globulin  suspension 
is  stable.  The  beginning  of  an  obvious  clearing  takes  place  only  after  18  or 
even  20  hours.  For  fresh  serum,  unheated  or  heated  below  58°,  the  rate  of 


Flg  tfnn  scattered  hy  a  solution  of  serum  diluted  to  500  per  cent  as  a  func 

minutes.  The'Tpper  cur^e  Slid  dotef  had  hfatcd  brf«e'hand  for  10 

solution  has  not  been  stirred  end  the  .xPrcsses  the  values  obtained  when  the 
cell.  The  lower  curve  (whke  dkti  PreClp,tate  h?s  *ttfed  ■“  ‘be  bottom  of  the 
with  the  same  solutions*  when  ttiSd^Xf  ~  '  .“nt.raV  ‘be  values  obtained 

The  curves  join  at  57°  C.  The  stirrine  no  lmn  pi(jcipitate  1S  a§am  m  suspension, 
is  stable.  &  ^C1  P  a^s  a  Paft  and  the  suspension 


"t * - » — 

between  45  and  50  for  serum  heated  at  57°1 1  “T  h“ted  at  5®°  and 

s  in  a  r  ' JKS 

tween  logarithms)  However,  we 
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stand  completely  the  mechanism  of  the  phenomenon,  for  Rayleigh’s  formula 
applies  only  to  particles  which  are  small  with  respect  to  the  wave  length 
of  light,  and  although  we  do  not  yet  know  the  order  of  magnitude  of  these 
particles  we  know  that  they  must  be  much  larger. 


A  new  phenomenon  can,  therefore,  be  added  to  the  four  already  pointed 
out  (viscosity,  rotatory  power,  scattered  light,  factor  of  depolarization) 
which  characterize  the  important  physico-chemical  modifications  undergone 


^  and  56  but  with  rabbit  serum  and 
Fie.  57.  Same  experiment  as  those  of  b  igs.  5  1 

after  slight  quantities  of  acid  have  been  added. 

by  a  serum  heated  above  57°.  But  the  last  one  ^^^gfobulS 

cision,  inasmuch  as  it  shows  that,  as  we  a  rco i  y  susl  ’  temperature, 
which  are  most  profoundly  affected  between  57°  and  58  .  Th.s  temper 
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however  is  not  absolute:  certain  horses  show  the  same  reaction  between 
58°  and  59°,  others  between  56°  and  57°.  But  a  difference  of  one  degree  is 
always  sufficient  to  bring  forth  a  strikingly  clear  difference  between  the 
curves. 

This  phenomenon  which,  in  its  broad  outlines,  was  observed  regularly, 
does  not  always  take  place  at  the  end  of  the  same  period  of  time.  In  certain 
cases  it  appears  at  the  end  of  four  hours.  In  one  case,  18  hours  passed 
before  sedimentation  set  in.  The  phenomenon  is  generally  clearer  when  the 
solution  is  acidified  by  0.1  cc  of  O.liVHCl.  It  is  evident  that  the  pH  value 
plays  an  important  part;  but  the  acidification  must  be  slight,  for  we  know 
that  a  small  increase  determines  the  redissolution  of  the  precipitate. 


Sedimentation  as  a  Function  of  Temperature 

The.  critical  point  in  the  curves  is  also  in  evidence  if  the  temperatures 
are  plotted  as  abscissae.  In  experiment  39  (Fig.  55)  and  experiments  41,  44 
and  46,  (Figs.  56  and  57)  the  upper  curve  corresponds  to  readings  obtained 
with  a  serum  which  was  heated  and  diluted  (always  by  addition  of  five  times 
its  volume  of  water)  without  previous  stirring,  that  is  with  the  sediment  at 
the  bottom  of  the  cell,  whereas  the  lower  curve  corresponds  to  the  same  solu¬ 
tions  but  stirred  so  as  to  bring  the  sediment  back  into  suspension.  The 
curves  meet  24  hours  after  the  dilution,  when  the  serum  has  been  heated  ten 
minutes  at  57°,  which  signifies  that  there  has  been  no  sedimentation.  This 
point  corresponds  to  a  stable  suspension  of  globulins. 


Influence  of  the  Duration  of  Heat 

Until  now  we  have  considered  only  sera  heated  during  10  minutes.  When 
ie  heating  is  prolonged  at  a  constant  temperature,  the  point  which  cor- 
.ponds  to  the  meeting  of  the  curves  (critical  point  of  the  stable  suspension 
(I  ou  ms)  is  shifted  toward  the  lower  temperatures  (Figs.  55  56  and 

fs  it  53=°nn0rSe  Semm’  °r  inStan°e-  aftCr  tW0  hours  heating,  this  poTnt 

itz  fi(  For  r hour  °f  ^  54 

nomenon  of  shift  of  the  critical  p^int  *  8enera‘  W  °f  the 

::DZj-tb  thz  rtion  for 

solve  when  NaCl  is  added.  ‘  10n  ^  d°eS  not  entirely  redis- 


for  10  minutes’  Lli’ng^orresptnds"' tea  ^  ^  point-"°und  57° 

Of  the  globulins.  In  order  to  do  this  flip  f  in  tle  state  of  dispersion 

studied  in  the  preceding  chapter,  can  be  used  7  TheTif™110”’  WMch  WaS 
3  See  page  64.  n  oe  used.  The  reader  is  reminded  that 
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the  factor  of  depolarization  (P)  is  equal  to  the  ratio  —  of  the  light  beam 

h 

horizontally  polarized,  to  the  flux  vertically  polarized,  laterally  scattered 
by  a  liquid  or  a  solution.  P  is  always  comprised  between  0  and  1,  and  the 
less  vertically  polarized  light  there  is  in  the  scattered  beam,  the  higher  its 
value.  As  we  have  seen,  the  ratio  P  depends,  among  other  factors,  on  the 
molecular  optical  anisotropy.  Ultramicroscopic  colloidal  particles  are  gen- 


Fig.  58.  Curve  expressing  for  a  normal  horse  serum  the  shift  of  the  point  (critical 
point  of  stability)  at  which  curves  like  those  of  Figs.  55,  56,  57,  meet,  but  for  sera 
heated  during  different  lengths  of  time.  It  can  be  seen  that  the  influence  of  the 
time  of  heating  is  far  greater  above  55  C.  than  below  this  tempeiature. 


erally  spherical  and  isotropic,  and  tend  to  decrease  the  value  of  P.  A  liquid 
which  diffuses  an  almost  completely  polarized  light  is  a  colloidal  solution 

and  not  a  homogeneous  liquid. 

We  have  shown  that  neither  undiluted  serum  nor  serum  diluted  with  a 
physiological  solution  behaved  like  a  colloidal  solution,  but  on  the  contrary 
like  a  true  solution,  and  that  P  increased  considerably  when  the  serum  was 
heated.  This  indicated  that  the  optical  anisotropy  of  the  molecules  increase 


as  a  result  of  hydration.  n  ,  .  ,  , 

Now  we  have  just  seen  that,  between  57°  and  58  ,  there  is  an  "»POrta 
modification  in  a  serum  which  has  been  heated  and  then  sufficiently  diluted 
with  water  so  that  some  of  its  molecules  precipitate.  Be bw  57  they  seg  ¬ 
ment'  above  58°  they  stay  in  suspension.  The  aspect  of  the  solution  is 
joidal,  or  milky;  but  does  this  solution  really  attain  a  state  of  colloidal 
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dispersion  between  58°  and  60°  ?  Or  does  this  aspect,  as  is  the  case  with 
undiluted  serum,  correspond  to  a  hydration  of  independent  molecules? 

A  glance  at  Fig.  59  shows  that  an  important  drop  in  the  factor  of  de¬ 
polarization  corresponds  to  temperatures  around  58  ;  this  can  tentatively  be 
attributed  to  the  formation  of  isotropic  colloidal  granules.  We  have  never 
observed  a  similar  drop  in  the  case  of  undiluted  serum  or  serum  diluted  with 


F,g  Anta^tdlSje^b0  Thltf0"  ‘7“' 

when  the  serum  is  diluted  with  a  0.9„f 

°b,air0d  With  a  SerU"'  d"utcd 

observed  with  serum  diluted  to'!  with  disfiHed  water!  "eS  ”*  '°"’er  th“n  those 


a  salt  solution.  On  the  other  hand,  the  initial  value  of  the  factor  of  tlm 

mtTn  “an'y  case'  ttVe“IeCnot-aydecUti0n  1  T 

contrary  an  increase  of  this  anisotropy,  which  £ 
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colloidal ,  whereas  in  the  case  of  serum  diluted  with  distilled  water,  the  drop 
in  the  value  of  p,  which  is  sometimes  considerable,  can  be  explained  by  the 
momentary  aggregation  of  particles. 

But  when  a  certain  minimum  value  has  been  reached  (below  60°  for 
horse  serum,  above  60°  for  ox  and  dog  sera)  a  rapid  and  important  increase 
of  p  is  observed.  This  phenomenon  is  very  difficult  to  interpret  because  of 
the  double  alteration  to  which  the  proteins  are  subjected,  by  dilution  on 
one  hand,  and  by  high  temperature  on  the  other.  Albumins  and  globulins 
are  irretrievably  denatured  and  probably  disintegrated. 

Thus,  to  summarize  this  chapter:  when  unheated  serum  is  diluted  with 
distilled  water  and  heated  to  the  critical  temperature,  i.e.,  between  55°  and 
59°,  according  to  the  animal,  a  very  clear  modification  of  the  dispersion  of 
the  precipitated  globulins  occurs.  A  difference  in  temperature  of  only  one 
degree  (between  57°  and  58°  for  instance)  is  sufficient  to  bring  about  this 
modification,  which  manifests  itself  by  a  stability  of  the  suspension  at  58°, 
whereas  it  is  sedimented  at  57°.  The  sharpness  of  the  phenomenon  depends 
among  other  factors  on  the  pH  of  the  solution. 

There  is  a  critical  point  oj  stability  which  is  displaced  toward  the  lower 
temperatures  when  the  time  of  heating  is  increased.  For  horse  serum,  for 
instance,  this  takes  place  at  58°  for  five  minutes’  heating  and  at  53°  for 
two  hours’  heating.  The  influence  of  the  time  of  heating  decreases  very 
rapidly  below  55°. 

The  factor  of  depolarization  of  diluted  serum,  which  is  high  when  the 
serum  has  not  been  heated,  decreases  suddenly  around  55  and  reaches  a 
minimum  value  around  58°  for  horse  serum  and  around  65°  for  dog  and  ox 
sera,  after  which  it  increases  rapidly.  The  stability  of  the  solution  (no 
sedimentation,  or  very  slight  sedimentation)  seems  to  correspond  to  this 
minimum,  which  may  characterize  a  colloidal  state  of  the  globulin  solution. 


Chapter  8 


Ionic  Phenomena  of  Serum  as  a  Function 
of  Temperature. 

II.  Electric  Conductivity 


The  preceding  chapters  already  give  a  clearer  idea  of  the  nature  of  the 
physical  phenomena  which  accompany  and  determine  the  particular  phe¬ 
nomenon  known  as  “destruction  of  the  complement.” 

Logically,  it  was  possible  to  foresee  that  another  phenomenon  could  be 
added  to  those  which  characterize  this  critical  temperature,  i.e.,  a  modifica¬ 
tion  in  the  electric  conductivity  of  serum.  Indeed,  we  had  observed  an  in¬ 
crease  in  the  volume  of  the  molecules  and  a  corresponding  decrease  in  the 
volume  of  the  solvent.  The  space  available  to  the  free  ions  is,  therefore, 
reduced.  The  movements  of  the  ions  might  be  slowed  down  by  the  increase 
in  the  volume  of  the  “serum  molecules”  which,  as  we  have  seen,  manifests 
itself  by  an  increase  in  viscosity.  On  the  other  hand,  if  only  water  molecules 
are  adsorbed,  the  concentration  in  salts  may  be  increased.  Either  way,  it 
was  plausible  to  suppose  that  a  new  characteristic  manifestation  of  the 
critical  temperature  might  be  found.  It  was  with  this  end  in  view  that  we 
undertook  the  experiments  which  will  now  be  described. 


First  of  all  it  was  necessary  to  modify  slightly  the  classical  set-up  of 
Kohlrausch,  and  we  adopted  the  following  technique.1 

Technique. 


(1)  Source  of  alternating  current.  To  obtain  a  sharply  defined  zone  of 
silence,  it  is  essential  that  the  source  of  the  current  be  as  free  as  possTJ  e  o 
harmonics,  that  is  to  say  an  almost  perfect  sinusoid.  Th  s  result  ai  b 
obtained  nowadays,  by  means  of  electron  tubes,  but  the  apparatus  s  rather 

tions  silently  and  very  regularly.  second).  It  func- 

1  Lecomte  du  Noiiy,  Ann.  Imt.  Pasteur,  50,  127  (1933). 
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(2)  Audition.  It  is  well  known  that  the  electrical  balance  of  the  arms 
of  the  Kohlrausch  bridge  is  generally  determined  by  means  of  a  telephone. 
The  drawback  of  this  setup  is  that  the  operator  is  connected  to  the  bridge 
by  a  "wire  and  has  to  wear  a  head-phone  which  becomes  very  annoying  if 
the  measurements  last  any  length  of  time.  We  therefore  replaced  the  tele¬ 
phone  by  a  loud  speaker  connected  to  an  amplifying  system  with  two  elec¬ 
tron  tubes,  directly  connected  to  the  telephone  binding  posts  of  the  bridge. 
This  set-up  has  several  advantages.  (1)  The  current  which  passes  through 
the  cell  containing  the  liquid  to  be  studied  can  be  reduced  to  a  minimum; 
this  decreases  the  rise  in  temperature,  without  rendering  the  sound  inaudible, 
as  it  is  amplified  about  800  times.  (2)  The  operator  remains  independent 
of  the  apparatus,  which  makes  the  measurements  less  fatiguing.  (3)  The 
sensitivity  of  the  bridge  is  increased,  as  the  intensity  of  the  current  coming 
out  of  the  bridge  can  be  varied  within  considerable  limits,  while  the  current 
circulating  in  the  bridge  and  the  cell  remains  constant. 

(3)  Bridge.  We  used  a  Leeds  and  Northrup  non-inductive  dial  bridge. 
The  absolute  values  of  the  resistances  are  correct  to  only  0.05  per  cent.  But 
as  we  were  looking  mainly  for  modifications  of  the  resistance  in  relative 
values  we  were  able  to  obtain  a  much  greater  relative  precision. 

(4)  Cell.  We  tried  a  great  many  different  cells.  There  are  a  number 
of  good  cells  on  the  market  but  they  require  a  greater  quantity  of  liquid 
than  was  available.  We  therefore  had  to  find  a  sensitive  cell  of  small 
capacity.  As  these  two  qualities  are  contradictory,  many  trials  were  made 
before  the  two  following  models,  with  platinum  electrodes  sealed  in  the 
glass,  were  adopted.  It  is  indeed  absolutely  essential  for  the  platinum  to  be 
rigidly  sealed  in  the  glass.  If  this  is  not  the  case,  it  is  difficult  and  even 
impossible  to  repeat  the  measurements.  It  is  unnecessary  to  add  that  the 
glass  must  be  perfectly  neutral  (“Pyrex,”  for  example) . 

(A) .  Cell  of  small  capacity  (2  cc).  Fig.  60  shows  that  the  shape  of 
this  cell  is  classical.  The  sensitivity  of  such  a  cell  depends  largely  on  the 
distance  between  the  inferior  electrode  and  the  bottom  of  the  cell.  This  dis¬ 
tance  must  be  at  least  equal  to  5  mm  when  the  diameter  of  the  cell  is  10  mm 
and  that  of  the  electrode  disks  is  from  7  to  8  mm.  If  it  is  reduced  to  3  mm 
the  cell  becomes  five  times  less  sensitive  as  a  result  of  the  increased  electric 

capacity.  . 

(B)  Cell  of  mean  capacity  (8  to  10  cc)  with  variable  sensitivity,  tig. 

61  rives  the  appearance  of  this  cell,  which  proved  very  satisfactory.  The 
class  spheres  have  an  inside  diameter  of  20  mm  and  the  electrodes,  with  a 
diameter  of  10  and  12  mm,  occupy  an  ideal  place  in  the  center,  thus  reducing 
to  a  minimum  the  effects  due  to  capacity.  They  are  easily  cleaned,  as  the 
two  spheres  can  be  separated  one  from  the  other,  being  coupled  by  a  ground 
joint  The  sensitivity  can  be  varied  by  adding  a  ground,  intermediary 
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piece  between  the  two  spheres.  Without  this  addition  such  a  cell  has  a 
resistance  of  about  650  ohms  for  pure  horse  serum  or  for  a  0.7  per  cent  K.U 
solution.  As  the  ratio  arm  on  the  bridge  indicated  1/10,  and  as  l/10th  of 
an  ohm  could  be  detected  by  ear,  the  sensitivity  of  the  cell  attained  1.5  per 
10.000,  or  0.015  per  cent.  This  sensitivity  required  a  thermostat  sensitive 
to  at  least  l/100th  of  a  degree,  for  a  difference  of  2/100ths  of  a  degree  could 
be  discerned  by  ear,  and  the  current,  though  very  feeble,  could  not  pass  for 
more  than  one  minute  without  producing  an  elevation  in  the  tempeiature 
which  affected  the  measurements. 

Under  these  conditions  the  errors  due  to  a  change  in  temperature  were 
negligible,  for,  expressed  in  units  of  conductivity,  a  difference  of  0.01°  gave 
an  error  of  only  0.000,002,6  mho/cm,  or  of  the  order  of  0.01  per  cent. 


i — i — \ _ i 

0  12  3  cm. 

Fig.  60.  Conductivity  cell  of 
small  capacity  Ci. 


Fig.  61.  Conductivity  cell  of  mean  ca¬ 
pacity  C. 


(5)  Thermostat.  The  electrically  heated  thermostat  was  a  cylindrical 
vesse  of  enameled  sheet  iron,  holding  20  liters,  and  insulated  with  a  layer 

with  f  a  1Ck'.  Jhe  Stlrr‘ng  WaS  obtained  ^  means  of  a  screw-propeller 
th  four  blades,  12  cm  in  diameter,  directly  mounted  on  the  prolonged 

vessel  ff  u  an  eloctrlc  motor.  The  screw-propeller  was  placed  in  the 

™to If  Totho  T>  ang  t  °f  ab°Ut  45°’  S°  aS  *°  gH’e  the  mass  of  water  a 
gyratoij  motion.  The  motor  was  coupled  to  an  auto-transformer  or  to  a 

Sai 
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and  rapid  diffusion  of  the  calories.  The  toluene  and  mercury  regulator 
w  ich  was  specially  built  for  us2  makes  it  possible  to  regulate  to  2/l,000ths 
of  a  degree,  when  the  periods  of  heating  and  cooling  are  long  enough  to  bring 
about  a  thermal  equilibrium  between  its  mass  and  the  water,  and  when  the 
temperature  of  the  laboratory  varies  little.  Under  the  experimental  condi¬ 
tions  imposed  by  the  relatively  small  mass  of  water  and  the  imperfect  insula¬ 
tion,  we  obtained  a  regulation  of  about  ±  0.003°  (periods  of  three  or  four 
minutes),  which  was  satisfactory  for  our  purpose.  As  the  thermometer 
we  used  was  graduated  in  l/100ths  of  a  degree,  2/l,000ths  could  be  easily 
estimated  with  a  magnifying  glass. 

General  precautions.  All  the  electric  connections  were  electrostatically 
shielded  and  the  shielding  grounded.  The  oscillator  generating  the  current 
was  encased  in  a  sheet-iron  box  constituting  a  Faraday  cage,  similarly 
grounded.  Generally  speaking,  every  precaution  was  taken  to  isolate  each 
element  electrostatically,  and  all  these  precautions  combined  enabled  us  to 
reach  a  sensitivity  of  1/10,000  without  difficulty.  When  needed,  a  variable 
air  condenser  was  hooked  up  in  parallel  with  the  vessel,  so  as  to  balance 
the  electrostatic  capacity  of  the  latter  with  respect  to  that  of  the  bridge. 
We  found  experimentally  that  it  was  very  advantageous  to  ground  one  of 
the  binding  posts  of  the  outgoing  current  (A.C.  of  musical  frequency  con¬ 
nected  to  the  cell) . 

Under  these  conditions  the  probable  relative  errors  in  the  experi¬ 
ments  reported  here,  do  not  exceed  ±  0.026  per  cent.  The  readings  on 
the  bridge  express  the  resistance  in  ohms,  readily  transformed  into  re¬ 
sistivities  by  means  of  the  constant  of  the  vessel  used.  Resistivity  is 
the  resistance  of  a  liquid  cube  of  1  cm,  the  section  of  which  is,  therefore, 
equal  to  1  sq  cm.  But  it  is  more  usual  to  speak  of  conductance  and  of 
conductivity,  which  are  equal  to  the  reciprocal  of  the  preceding  magnitudes 

and  are  expressed  in  mhos :  conductivity  =  — .  - —  mhos/cm.  We  there- 

resistivity 

fore  publish  the  results  of  our  experiments  expressed  as  measurements  of 
conductivity  in  mhos/cm. 

All  the  above  mentioned  precautions  were  necessary,  owing  to  the  slight 
amplitude  of  the  phenomena  described  in  (C).  This  stands  out  in  the  figures. 

We  shall  study:  (A)  The  conductivity  of  normal  horse  serum,  unheated, 
and  then  heated,  as  a  function  of  the  dilution.  (B)  The  conductivity  of 
undiluted  and  diluted  serum  as  a  function  of  the  temperature,  from  25°  to 
70°.  (C)  The  conductivity  of  undiluted  serum,  unheated  and  heated  for 

ten  minutes,  the  measurements  being  taken  after  the  serum  had  cooled  to 

2  See :  Lecomte  du  Nouy.  “Methodes  Physiques  en  Biologie  et  en  Medecine,”  pp.  36 
and  following,  Paris,  Bailliere,  1933. 
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Mhos/< 


cm. 


0f  Serum  dilUtCd  with  distil,ed  wat^  after  and 
Deiore  sedimentation  of  the  precipitated  globulins. 

Experimental  Results 

« .i».  ,™,„E  u,‘„j:zzz:  fs  ”  zzsasft 
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can  be  seen  that  the  conductivity  of  this  sample  undiluted  is  0.01192  mho/cm 
at  25°  ±  0.003,  and  0.00245  mho/cm  when  diluted  by  addition  of  five 
times  its  volume  of  distilled  water.  When  the  scrum  was  heated  to  54°,  55° 


Tlhos/cm. 


58°  59°  and  62°  in  sealed  tubes,  then  cooled  and  afterwards  diluted,  the 
curves  representing  the  conductivity  were  very  nearly  identical  with  those 
obtained  with  unheated  seruip.  The  only  difference  was  that  heated  serum 
had  a  tendency  to  show  a  slightly  lower  conductivity  (Fig.  63). 
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FlS'Hlt/nTaSG  °f  !h°  C.°nductivity  of  undiluted  serum  and  serum  diluted  in  dis- 
xplrthe  °J  *e“peiat"re-  The  dotted  «urve  and  the  solid  points 

rnrv^  n  (  b  ed  durm&  the  coohnS  whereas  the  circles  and  the  full 

curves  correspond  to  measurements  made  during  heating. 


pera?uLTlikeCr'tU1iVity,  °f  T™  inCrCaS°S  a'm°St  'inearIy  with  the  tem- 
sW  nf  t  a  Sf  ?  S°lutl0n>  but  less  raPid’y-  This  means  that  the 

P  the  curve  is  a  little  less  marked  for  the  latter.  Fie  64  expresses 

IS  increase  for  undiluted  serum  and  serum  diluted  with  distilled  water 
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As  the  dilution  increases,  the  angle  of  the  straight  line  decreases  propor¬ 
tionally  to  the  dilution. 

This  stands  out  clearly  in  Fig.  65,  where  the  tangent  of  the  angle  of 
these  lines  with  the  axis  abscissae  is  plotted  as  ordinate  and  the  percentage 
of  serum  as  abscissa.  This  tends  to  prove  that  heating  and  hydration  of 
pioteins  do  not  biing  about  fixation  of  ions  on  the  latter  but  that  they  play 
only  a  restraining  part.  We  shall  discuss  this  later. 


20  30  50  no  100 


Serum  in  volume  per  cent 

Fig.  65.  The  abscissae  express  the  tangents  of  the  angles  of  the  Fig.  64  and  the 
ordinates,  the  proportion  of  the  semm  in  volume  per  cent.  It  can  be  seen  that 
proportionality  is  rigorous. 

(C)  We  now  come  to  the  conductivity  of  undiluted  serum,  heated  for  ten 
or  twenty  minutes  in  a  sealed  tube  in  a  thermostat,  and  then  cooled  to  the 
temperature  of  the  laboratory.  All  the  measurements  were  made  at  25° 


Table  26.  Conductivity  of  a  Normal  Horse  Serum  (Institut  Pasteur) 
Jan.  27,  1932.  Cell  C2.  Heated  20  Minutes,  then  Cooled  to  25  . 


Temperature 
(°  C) 

25  ±  0.003 
50 
56 
58 
60 
62 

64 

65 


Conductivity 
(mhos /cm) 

0.013512 

0.013512 

0.013512 

0.013526 

0.013492 

0.013454 

0.013385 

0.013385 


±  0.003.  Table  26  and  Fig.  66  give  the  results  of  one  experiment.  The  drop 
between  56°  and  65°  is  0.000,127  mho,  or  a  little  less  than  1  per  cent.  A 
momentary  increase  of  conductivity  at  58°  followed  by  an  immediate  drop  is 
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observed.  This  accident  often  happens,  but  not  always,  sometimes  at  the 
beginning  of  the  curve,  sometimes  later  (see  figures) . 

We  therefore  have  another  phenomenon,  the  sixth,  to  add  to  the  list  of 
irreversible  and  measurable  phenomena  brought  about  by  the  heating  of 
serum  above  55°.  As  we  said  in  the  beginning,  this  could  be  foreseen  a  priori. 


Fig.  66.  Conductivity  of  a  normal  horse  serum  at  25°  C. 
tures  to  which  it  has  been  heated  for  20  minutes. 


as  a  function  of  the  tempera- 


Table  26  gives  the  results  of  an  experiment  with  serum  heated  twenty 

minutes.  The  experiment  in  Table  27  was  made  with  a  serum  heated  ten 
minutes. 

In  the  latter  the  drop  is  0.000,076  mho,  or  about  0.6  per  cent  and  the 


Table  27. 


An°r1ild27timt40f  (Insitut  Pasteur) 

April  27,  1932  Cell  C*.  Heated  10  Minutes. 

i emperature  of  Measurement:  25°. 


Temperature 
(°  C) 

25  ±  0.003 
50 

54 

55 

57 

58 

59 

60 
64 


Conductivity 
(mhos/ cm) 

0.012168 

0.012168 

0.012168 

0.012161 

0.012151 

0.012141 

0.012103 

0.012105 

0.012092 
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phenomenon  starts  at  55°.  For  greater  clearness  we  shall  now  replace  the 
tables  by  curves.  Figs.  67,  68,  and  69  (phenomenon  starting  between  54° 
and  55°)  show  that  the  amplitude  sometimes  varies  considerably,  as  serum 
No.  161  (Fig.  68)  has  a  drop  of  0.000,178  mho,  or  1.5  per  cent.  They  also 
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Fig.  67.  Conductivity  of  a  normal  horse  serum  at  25°  C., 
temperatures  to  which  it  has  been  heated  for  20  minutes. 


as 


a  function  of  the 


show  that  accidents  often  occur  in  the  curve,  that  is,  that  momentary  in¬ 
creases  of  conductivity  are  sometimes  observed  which  do  not  seem  to  be 
entirely  due  to  experimental  error.  There  is  no  change  in  this  phenomenon 
of  drop  of  conductivity  when  the  serum  is  taken  from  an  immunized 
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Fig.  68.  Conductivity  of  a  normal  horse  serum  at  25°  C.,  as  a  function  of  the  tempera¬ 
tures  to  which  it  has  been  heated  for  20  minutes. 


animal  Fig.  70  (horse  immunized  against  gangrene)  shows  this  very  clearly. 
We  obtained  the  same  results  with  animals  immunized  against  perfnngens, 
asp  venom,  and  anthrax. 
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(D)  When  globulins  have  been  precipitated  with  distilled  water  (5  cc 
of  water  +  1  cc  of  serum)  and  when  measurements  are  taken  of  the  resistance 
of  the  cloudy  solution,  after  stirring,  and  of  the  clear  solution  decanted 
after  the  sedimentation  of  the  globulins,  it  is  found  that  the  clear  solution 
has  a  lower  resistance  than  the  cloudy  solution  and  therefore  a  higher 
conductivity.  The  following  figures,  for  instance,  are  obtained: 

- -  Cell  Co 

0.011450 
0.011440 
0.011430 
0.011420 
0.011410 
0.011400 
0.011390 
0.011380 
0.011370 
0.011360 

0.011350  _ _ 

°C.  25  30  35  40  45  50  55  60 

Temperature 

Fig.  69.  Conductivity  of  a  normal  horse  serum  at  25°  C.,  as  a  function  of  the  tempera¬ 
tures  to  which  it  has  been  heated  for  20  minutes. 
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Of  “ 

th: end  ot  24  h— 

sistance  448.4  ohms.  '  S'  f  lear>  decanted  liquid:  re- 

Exp.  No.  3.  Cloudy  liquid:  459.4  ohms.  Clear  liquid:  450.7  ohms. 
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The  explanation  ot  this  phenomenon  of  the  increase  of  resistivity  (or 
decrease  of  conductivity)  is  simple.  The  conductivity  of  a  solution  depends 
on  the  degree  of  dissociation  of  the  electrolytes  and  on  the  friction  of  the 
ions.  Now  the  non-electrolytes,  the  non-dissociated  proteins  of  serum,  on 
the  contrary,  act  by  slowing  up  the  ions  and  perhaps,  as  Hamburger  and 
others  believe,  by  decreasing  the  dissociation.  We  say  “perhaps,”  for  the 
mechanism  of  this  decrease  does  not  seem  clear.3  Our  experiments  prove 
that  the  conductivity  decreases  after  heating  above  55°.  Now  we  know  that 
the  viscosity  of  serum  increases  above  this  temperature  as  a  result  of  the 
irreversible  fixation  of  the  water  by  the  protein  molecules.  The  slowing  up 
of  the  ions  is  therefore  increased,  but  only  in  a  slight  proportion,  as  a  result 
of  the  decrease  in  the  relative  volume  of  the  solvent  and  the  increase  in  the 
volume  of  dissolved  molecules.  For  instance,  let  us  observe  Fig.  69  and 
Table  27.  We  notice  only  a  decrease  of  conductivity  of  0.6  per  cent  in  the 
table,  whereas  it  is  three  times  higher  in  Fig.  69,  i.e.,  1.5  per  cent.  Now  the 
increase  in  viscosity  of  the  first  serum  was  much  greater  than  that  of  the 
second,  which  was  almost  coagulated  at  62°,  whereas,  the  first  was  not 
coagulated  at  64°.  This  is,  therefore,  a  mechanical  phenomenon  related  to 
the  hydration  of  the  proteins.  It  should  be  possible  to  demonstrate  this  fact 
mathematically  for,  even  if  we  cannot  express  it  quantitatively,  we  possess 
elements  which  enable  us  to  foresee  the  direction  in  which  the  phenomenon 
should  act  (increase  or  decrease  of  conductivity)  and  its  order  of  magnitude. 
This  calculation  is  useful;  for,  starting  from  the  basic  hypothesis,  reasoning 
alone  cannot  foresee  whether  there  will  be  an  increase  or  a  decrease. 

Indeed,  what  happens  when  serum  has  been  heated  above  55°  ?  First, 
water  is  fixed.  This  is  an  undisputable  fact.  But  the  fixation  of  water  on 


3  The  slowing  up  by  the  non-electrolytes  decreases  if  the  serum  is  diluted  and  the 
degree  of  dissociation  increases.  Oker-Blom  [Pflugers  Arch.,  79,  510  (1900)]  calculated 
what  he  called  the  “physiological  conductivity”  of  serum,  which  is  nothing  but  the 
specific  conductivity  multiplied  by  the  dilution.  This  physiological  conductivity  in¬ 
creases  with  the  dilution,  until  it  reaches  an  approximately  constant  value  for  a  serum 
diluted  256  times.  We  have  checked  this.  The  pure  saline  solutions,  without  proteins, 
showing  an  identical  initial  conductivity,  do  not  show  as  rapid  an  increase  in  conductn  ity, 
for  only  the  dissociation  enters  into  play.  By  a  consideration  of  the  observed  values 
Oker-Bk>m  obtains  a  value  for  the  dissociation  constant  of  the  salts  inse™e^at 
0  65  This  figure  is  too  low;  Tangl  obtains  0.82  by  introducing  a  correction  for  friction. 
Now  a  0.7  per  cent  NaCl  solution,  diluted  20  times,  has  a  dissociation  coefficient  of  0*8. 
The  slope  of  the  dissociation  curve  of  serum  < elec *n >1 ^ 
pure  salts.  [See  Shields,  Zeitschr  /.  Phyvk.  Cheme,  See 

“Osmotischer  Druck  und  Ionen  Lehre,  1,  pp.  47  ..  N  which  is  dissociated 

who  attributes  the  Phenomenon  to  ^resrmce  m  se,^  ^  ^  Qn  ions  are 

XKd  "he  velocky^o? which^  three  times  greater  than  that  of  most  other  ions;  this 
would  bring  about  an  increase  in  the  physiological  conductn  i  y. 
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the  proteins  brings  about  an  increase  in  the  concentration  of  the  salts  as  a 
result  of  the  decrease  of  the  volume  of  the  solvent,  and  consequently  an  in¬ 
crease  in  conductivity.  On  the  other  hand,  increase  in  the  volume  of  the 
non-electrolytic  molecules,  which  is  the  consequence  of  this  fixation  of 
water  (aside  from  any  hypothesis  concerning  the  way  in  which  this  water  is 
fixed),  brings  about  a  “slowing  of  the  ions,”  a  decrease  of  the  conductivity. 
A  priori,  it  is  impossible  to  know  which  of  the  two  contradictory  phenomena 
will  overshadow  the  other,  or  whether  they  will  annul  each  other  if  they 
happen  to  be  equivalent.  Now,  by  considering  the  experimental  values 
reported  previously,  which  express  the  quantity  of  water  fixed  on  the  serum 
proteins  as  a  function  of  temperature,4  we  were  able,  with  the  help  of  P. 
Martignan,  to  calculate,  on  the  one  hand  the  increase  of  concentration  of  the 
salts  and  on  the  other  the  mean  increase  of  the  cross-section  of  the  molecules. 


As  far  as  the  mechanism  of  slowing  up  is  concerned,  we  were  obliged  to 
introduce  some  hypotheses  intended  to  simplify  the  calculations.  We 


arrived  at  the  following  conclusions:  The  increase  of  conductivity  due  to  the 
increase  of  the  concentration  between  55°  and  64°  is  slight  with  respect  to 
the  decrease  of  the  conductivity  due  to  the  increase  in  the  volume  of  the 
molecules.  Therefore,  qualitatively,  the  calculation  foresees  a  decrease  of 
the  conductivity,  which  is  confirmed  by  the  experiments.  But  quantitatively 
the  figure  expressing  the  slowing  up  is  about  three  times  lower  than  the 
value  found  experimentally.  The  order  of  magnitude  is  therefore  correct, 

but  we  do  not  yet  possess  all  the  elements  which  would  enable  us  to  calculate 
the  observed  phenomenon  exactly. 

The  last  experiments  mentioned  (D)  clearly  show  the  role  of  the  par¬ 
ticles  of  protein  in  suspension.  In  this  case  it  is  possible,  moreover  that  a 
certain  quantity  of  the  salts  is  carried  into  the  sediment  by  absorption ;  but 

this  cannot  happen  in  the  case  of  heating,  where  the  molecules,  swollen  by 
water,  stay  in  solution.  ’  * 


4  See  Chapter  1. 
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Ionic  Phenomena  as  a  Function  of  Temperature. 

III.  Concentration  of  Hydrogen  Ions 

We  thought  it  might  be  of  interest  to  try  to  see  whether  or  not  a 
modification  in  the  concentration  of  hydrogen  ions  accompanies  the  phe¬ 
nomena  so  far  studied.  This  seemed  plausible  because  of  the  increase  in 
the  rotatory  power  above  54°  and  because  of  the  fact  that,  when  serum  is 
diluted,  different  phenomena  take  place  which  can  be  linked  to  the  ionic 
equilibrium  of  the  system.  The  variations  in  the  rate  of  sedimentation  of 
the  globulins,  as  we  have  seen  in  the  preceding  chapter,  are  an  indication 
that  such  may  be  the  case. 

Previous  Publications.  For  the  first  time  we  find  previous  publications 
which  must  be  taken  into  consideration.  Since  1907,  several  workers  have 
studied  the  changes  in  the  concentration  of  hydrogen  ions  during  the 
process  of  inactivation  of  serum.  Unfortunately,  they  do  not  agree,  and  the 
absence  of  technical  details  in  their  papers  makes  it  impossible  to  detci- 
mine  the  sources  of  error.  It  is,  however,  probable  that  all  those  who  found 
an  alkalinization,  neglected  to  take  sufficient  precautions,  if  any,  to  prevent 
the  escape  of  C02.  Lieberman  and  Lieberman,1  for  instance  (1907)  ob¬ 
served  an  important  increase  in  hydroxyl  ions  in  horse  serum  after  thirty  min- 
utes’  heating  at  56°  (pH  8.10  instead  of  7.7).  So  did  Tangl,  whom  they 
quote,  and  Seligmann  (1908), 2  who  employed  the  colorimetric  method,  which 
can  hardly  be  called  accurate.  These  authors  did  not  state  how  they  heated 

In  1909  Michaelis  and  Rona3  found,  on  the  contrary,  that  there  was  no 
difference  in  the  concentration  of  hydrogen  ions,  beyond  experimental  error 
when  serum  was  heated  at  56°  and  100°  for  thirty  minutes.  These  excellent 
workers  took  all  necessary  precautions,  and  came  to  the  conclusion  t  la  no 
change  took  place  in  the  pH  during  denaturation,  whether  or  not  there  was 
coagulation.  From  this  they  concluded  that  coagulation  by  heat  cannot  be 
linked  to  a  scission  of  the  protein  molecule,  which  would  liberate  acid  and 
bLic  groups  as  is  the  case  under  the  influence  of  trypsin.  We  showed  by  a 

1  Lieberman,  L.  and  P.,  Arch.  JUr  Hygiene  62  3 15  (1907). 

2  Seligmann,  E.,  Biochem.  Zeitschr  10,  430  (  ■ 

2  Michaelis,  L„  and  Rona,  P,  Biochem.  Zeitschr.,  18,  317  U91W- 
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different  method  that  there  was  no  aggregation  during  heating,  and  that  no 
scission  could  be  produced,  as  the  number  of  molecules  remains  constant  pei 
unit  of  volume.  Our  experiments,  therefore,  check  those  of  Michaelis  and 
Rona.  In  the  same  paper,  they  established  the  buffer  action  of  serum  and 
found  that  it  was  better  buffered  against  acids  than  against  alkalies — a 
fact  which  we  confirmed  experimentally. 

Davidsohn4  studied  the  reaction  of  serum  heated  at  56°,  65°,  75°  and  100°. 
He  diluted  the  serum  five  or  seven  times  with  0.8 N  NaCl  to  prevent  coagula¬ 
tion.  The  heating  was  done  in  closed  vessels.  He  also  found  that  the  dif¬ 
ferences  between  the  pH  of  unheated  serum  and  serum  heated  between  55° 
and  100°  for  thirty  minutes  are  of  the  order  of  magnitude  of  experimental 
error. 

Sorensen  and  Jurgensen5  conclude  that  total  coagulation  of  the  proteins 
of  serum  by  heating  always  gives  rise  to  a  decrease  in  the  concentration  of 
hydrogen  ions  in  the  medium.  But  they  had  previously  determined  the 
optimum  pH  of  serum  for  coagulation,  about  pH  4.70,  and  had  worked  on 
serum  acidified  to  this  point.  In  our  opinion  this  detracts  from  the  interest 
of  their  work. 

Finally,  Hugo  HechtG  declares  that  alkalinity  is  increased  during  the  in¬ 
activation  of  serum  by  heat,  but  he  does  not  describe  his  technique  nor  does 
he  give  any  experimental  data.  It  is  therefore  evident  that  the  question, 
although  studied,  has  not  been  solved  satisfactorily. 

Experimental.  A  first  set  of  experiments  performed  with  different 


classical  electrodes  available  on  the  market,  including  the  hydrogen,  quin- 

hydrone  and  glass  types,  soon  revealed  the  fact  that  no  systematic  change 

appeared  in  the  serum  as  a  consequence  of  heating  for  a  short  time  at  or 

around  56°  to  57°.  However,  with  the  best  American-made  hydrogen 

electrode  (Clark),  a  slight  drop  was  occasionally  observed.  This  could  be 

attributed  either  to  an  accident  or  to  the  fact  that  the  technique  was  not 

su  ciently  reliable.  AVe  chose  the  second  hypothesis,  and  momentarily  dis- 

cai  mg  our  main  problem,  we  attempted  to  improve  the  existing  methods 
for  measuring  the  pH. 

The  main  requirements  which  directed  our  efforts  were: 

(1)  Great  accuracy  and  reliability. 

(2)  Great  sensitivity. 

(3)  Possibility  of  achieving  the  first  two  requirements  with  as  small  a 

quantity  of  liquid  as  possible.  a 

(4) „  The  Breatest  P0ssible  rapidity  compatible  with  the  three  preceding  re- 

.  S6arrni°nhns  p"  ^  5,  182  (1910) 

Cartel,  mi  HWulmS)  SeD3en-  E"  COmP‘ ■  Rend ■  'I'rava.ux  du  Laboratoire  de 

6  Hecht,  H.,  Zeitschr.  fur  Immunitatsforschung,  36,  321  (1923). 
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quirements,  so  that  a  large  number  of  measurements  could  be  made  without 
allowing  the  serum  to  undergo  important  changes  as  a  consequence  of  aging. 

It  was  decided  to  concentrate  on  the  hydrogen-electrode  method,  for  two 
reasons:  (1)  it  is  the  only  one  which  supplies  absolute  values  and,  therefore, 
does  not  depend  for  its  accuracy  on  more  or  less  stable  and  reliable  buffer 
solutions,  and  (2)  it  is  by  far  the  most  sensitive.  Our  main  problem,  then, 
was  to  try  to  make  it  more  rapid,  more  economical,  easier,  and  if  possible 
still  more  accurate.  These  three  points  will  be  taken  up  successively. 

Rapidity.  The  first  hydrogen  electrodes  (Sorensen,  Hildebrand)  re¬ 
quired  a  long  time  to  reach  equilibrium.  It  frequently  happened  that  poten¬ 
tiometer  readings  were  still  going  up  30  minutes  after  the  liquid  had  been  in 
contact  with  the  platinized  electrode;  it  sometimes  took  more  than  40  min¬ 
utes.  After  Hasselbach  had  shown  that  agitation  materially  reduced  the 
time  necessary  to  attain  equilibrium,  a  certain  number  of  excellent  pieces  of 


Fig.  71.  Principle  of  the  rotating  tilted 
hydrogen  electrode  (du  Noiiy).  The 
solid  platinum  disk  at  the  end  of  the 
shaft  is  rotated  by  an  electric  motor 
and  the  readings  made  during  the 
rotation. 


apparatus  were  devised  and  placed  on  the  market — the  Clark  model  was 
definitely  the  best — and  the  time  was  cut  down  to  about  20  minutes. 
Usually,  the  workers  did  not  wait  that  long,  as  the  rise  in  potential  is  so 
slow  during  the  last  5  or  10  minutes  that  it  affects  only  the  second  or  third 
decimal  place  in  pH  values,  and  they  thought  they  could  neglect  it  and  be 
satisfied  with  a  pH  value  which  was  slightly,  but  systematically,  too  low. 
As  a  matter  of  fact,  we  found  cases  when  the  potentiometer  readings  were 
still  going  up  after  30  minutes,  at  the  rate  of  0.1  mv  in  3  or  4  minutes. 
As  0.1  mg  corresponds  approximately  to  0.0017  in  the  scale  of  pH  values,  and 
as  the  third  decimal  figure  is  never,  or  almost  never,  taken  into  consideration, 
it  seemed  quite  permissible  to  overlook  differences  as  great  as  0.4  or  even 

0.5  mv.  . 

For  all  practical  purposes,  this  is  still  true.  But  m  our  particular  case, 

we  were  searching  for  a  phenomenon  which  might  conceivably  affect  the 

third  decimal  place.  Therefore,  we  could  not  overlook  even  0.1  mv  and  had  to 

be  certain  that  equilibrium  was  attained.  Moreover,  we  found  that:  (1) 

certain  samples  of  serum  or  plasma  reached  equilibrium  much  more  rapi  y 

than  others,  so  that  the  error  thus  introduced  was  never  constant;  and  (  ) 
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that  the  time  also  depended  on  the  platinization  of  the  electrode.  For  these 
reasons,  it  seemed  desirable  to  decrease  the  time  required  to  attain  equilib¬ 
rium  as  much  as  possible. 

This  was  done  in  the  following  way.  A  platinized  platinum  disk  was 
mounted  at  the  end  of  a  shaft  and  tilted  so  that  one-half  of  its  surface 
dipped  into  the  liquid  (see  Fig.  71).  The  rotation  of  the  shaft  brought  every 
part  of  the  disk  successively  into  contact  with  the  liquid,  while  a  thin  layer 


Iig.  72.  Practical  realization  of  the  tilted  electroc 
electrode.  The  liquid  junction  is  established  in  tl 
piston  has  a  platinum  disk  Pt.,  welded  at  its  end. 


showing  the  saturated  calomel 
capillary  tip  of  the  syringe.  The 
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equilibrium  was  reached  in  a  much  shorter  time  than  with  any  previous 
set-up,  namely,  in  a  few  minutes.7 

Economy  and  Ease  of  Handling.  In  order  to  comply  with  the  require¬ 
ments  mentioned  above,  the  apparatus  was  finally  constructed  in  the  fol¬ 
lowing  way.  A  platinum  disk  was  soldered  to  the  end  of  the  plunger  of  a 
“Pyrex”  syringe  (1  or  2  cc),  thus  acting  as  a  piston.  A  platinum  wire, 
passing  through  the  plunger  and  emerging  at  the  top,  made  the  electrical 
contact  possible  from  the  outside  by  means  of  one  drop  of  mercury.  The 
lower  end  of  the  syringe  was  opened  and  ground  so  that  a  capillary  tip  could 
be  quickly  fixed  or  removed.  Fig.  72  will  suffice  to  show7  how  the  apparatus 
was  set  up. 

It  will  be  seen  that  instead  of  rotating  the  disk  itself  the  wdiole  syringe 
is  kept  tilted  and  in  rotation  around  its  axis.  The  hydrogen  bubble,  re¬ 
maining  on  top  of  the  liquid  inside  the  syringe,  is  in  permanent  contact  with 


Fig.  73.  General  set-up  of  the  du  f^oiiy 
hydrogen  electrode.  The  two  half¬ 
electrodes  are  encolsed  in  a  water- 
jacket  (WJ).  Water  is  circulated 
through  the  opening  C.  A  polarized 
socket  S  permits  an  easy  connection  to 
the  potentiometer.  Rh  is  the  rheostat 
for  regulating  the  speed  of  the  motor 
M,  and  I  is  the  starting  switch  of  the 
motor. 

PIN 

a  constantly  renewed  film  of  liquid,  thus  duplicating  the  conditions  achieved 
writh  the  rotating  disk. 

The  KC1  of  the  saturated  calomel  half-electrode  is  aspirated  half-way 
up  the  capillary  tip;  and  as  the  liquid-liquid  junction  is  of  capillary  dimen¬ 
sions  (about  1  mm  in  diameter) ,  practically  no  diffusion  occurs.  The  syringe 
is  fixed  in  a  metal  casing  equipped  with  a  screw  top,  and  the  motion  of  the 
plunger  is  accurately  controlled  by  means  of  this  screw7. 

The  whole— calomel  and  hydrogen  electrodes— is  enclosed  in  a  watcr- 
jacketed  stand  (Fig.  73).  The  metal  casing  holding  the  syringe  slides  m  a 
tube  mounted  on  ball  bearings,  and  connected  with  a  small  electric  motor 
in  the  base  of  the  stand.  The  connections  with  the  potentiometer  are  made 
through  a  polarized  receptacle  and  plug,  so  that  no  mistake  can  be  made. 

7  Lecomte  du  Noiiy,  Compt.  Rend.  Acad.  Set.,  193,  1417  (1931). 
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There  are  no  glass  stopcocks,  rubber  tubing,  or  other  glass  parts  than 
those  described.  A  rheostat  controls  the  speed  of  the  motor  so  that  the 
number  of  revolutions  of  the  electrode  can  be  varied  between  50  and  500  a 
minute. 

Accuracy.  In  order  to  insure  the  highest  possible  accuracy,  a  sys¬ 
tematic  study  of  all  the  factors  involved  in  a  measurement  was  undertaken, 
namely:  the  platinization  and  hydrogenation  of  the  platinum  deposit,  the 
purification  of  hydrogen,  the  volume  of  hydrogen,  the  volume  of  liquid,  the 
rapidity  and  the  time  of  rotation,  and  finally  the  equilibrium  between  partial 
pressures  of  the  C02  contained  in  the  serum  and  that  of  the  C02  contained 
in  the  hydrogen.  A  technique  was  devised  whereby  the  hydrogen  used  in 


every  measurement  was  in  rigorous  equilibrium  with  the  particular  sample 
of  serum  studied.  This  had  never  been  achieved  before  and  was  made  pos¬ 
sible  by  the  small  volume  of  hydrogen  required  (0.15  to  0.2  cc). 

As  a  detailed  report  on  this  work  has  been  published  before8  we  shall  not 
insist  on  the  subject,  and  will  simply  mention  the  conclusion  reached. 

In  order  to  obtain  reliable  figures  expressing  the  pH  value  of  plasma  or 
serum  with  the  above-described  apparatus,  accurate  to  ±  0.01  pH  and  in 
the  shortest  possible  time,  it  is  necessary: 

±  05°  T°  keep  the  temperature  of  both  lialf-cells  identical,  and  constant  to 

(2)  To  use  0.4  to  0.5  cc  of  serum  or  plasma  and  0.15  to  0.2  cc  of  hydrogen 

04  !  of  th  m'ate  tWiC<i  the,hydr0Sen  in  the  syinge  with  two  samples  of 
the  ®ame  serum  or  plasma,  by  rotating  the  electrode  each  time  for 

inside  d‘SCardmg  6  hqUid  aft6r  the  3  minutes  but  k“Ping  the  hydrogen 

the  blood  7Bbo”  tecoHectedemoefntS  WHhin  2  ^  f°1,0Wing  C0"ection  of 
paraffin  oil.)  ’  °f  C°UrSe’  Under  a  thick  Iayer  of  neutral 

conditions0  ZncllT"^^8  iS  d°ne  Under  identieal 

current,  and  distance  between  electrod™  °  An  Z01',1*’  density  of 

specially  built  for  this  purpose  and  the  cni,Y  automatlc  electrolyzer  was 
vessel,  to  insure  homogLuy  ofZe  co,ut!o‘  “  "  ^  r0tating 

within  -  «•. 

with  four  different  electrodes  ^  has  been  possible  to  obtain 

-  0.000,15  pH,  With  Swr  rf  Which  «  to  within 

measurements  made  in  order  to  find  the  nnf  4  CXprefes  the  results  of  these 
used  in  the  syringe  The  mpncn  ,  unum  volume  of  hydrogen  to  be 
buffer  solu/on  M  **  ^  ™ 

’  Lecomte  d„  Nolly,  Bull.  Soc.  Ckim.  Biol.,  Z,  177  pari!,  ^  ^  «* 
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precision  is  entirely  devoid  of  meaning,  as  the  same  sample  will  sometimes 
manifest  spontaneous  changes  affecting  the  third  decimal  place.  When 
dealing  with  biological,  carbonated  solutions,  our  experience  has  convinced 
us  that  to  expect  an  approximation  better  than  =*=  0.005  is  illusory.9  This 


syringe. 


is  why  it  is  in  general  unnecessary  to  take  into  account  the  barometric  pres¬ 
sure,  unless  it  changes  by  more  than  10  mm,  as  such  a  change  only  brings 
about  a  difference  in  the  pH  value  amounting  to  a  little  less  than  0.003  pH. 
The  figure  mentioned  above  was  given  only  as  an  illustration  of  the  accuracy 


and  reliability  of  the  method. 


L  icnauiuij  - 

9  It  raay  not  be  superfluous  to  remind  the  reader  that  the  measurement  known  as  the 

SS: 

sirred! particularly Tn  a  solution  containing  several  elec^^  Jt  ^^'il 'TonT'in^he 

The'  “»  reStriCti0n  MUSt  be  made  ,W 
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Gathering  and  Conservation  of  Serum.  It  is  known  that  the  pH  value 
of  plasma,  and  in  general  of  all  carbonated  solutions,  depends  on  the  tension 
of  C02  above  the  solution,  which  determines  the  equilibrium  (C02  —  carbon¬ 
ates)  in  the  solution.  The  mean  partial  pressure  of  C02  gas  in  the  blood 
is  about  40  mm  Hg.  Moreover,  this  pressure  varies.  That  is  why  it  is 
necessary,  when  making  a  measurement,  to  keep  the  solution  or  the  serum 
in  contact  with  a  constant  volume  of  hydrogen  containing  C02  at  the  same 
partial  pressure  as  the  liquid  being  studied.  Under  these  conditions,  loss  of 
C02,  which  would  profoundly  modify  the  value  of  the  pH,  is  impossible. 

Therefore,  when  the  pH  of  plasma  is  measured  with  the  object  of  deter¬ 
mining  with  the  greatest  possible  exactitude  the  pH  of  the  circulating  blood 
(which  is  not  perceptibly  modified  by  the  presence  of  figured  elements),  it  is 
essential  to  gather  the  blood  under  neutral  paraffin  oil,  to  seal  the  cen¬ 
trifuging  tube  with  paraffin  melted  at  50°  and  poured  on  the  paraffin  oil,  and 
to  remove  the  plasma  or  serum  by  means  of  a  syringe  thrust  under  the  pro¬ 
tecting  layer.  If  these  precautions  are  not  taken  there  is  a  rapid  alkaliniza- 
tion  of  the  liquid  due  to  loss  of  C02. 


On  the  other  hand,  as  serum  is  manipulated  in  contact  with  air  when 
immunological  reactions  are  made,  and  as  the  correlative  physical  phe¬ 
nomena  of  the  destruction  of  alexin  (increase  of  viscosity,  of  rotatory  power 
of  electric  resistivity,  of  scattered  light,  etc.),  had  been  observed  without 
any  special  precautions,  we  placed  ourselves  under  the  same  imperfect  con- 

sermn^iider m  eXpGriments  described  later;  that  is,  we  did  not  keep  the 

Heating  Of  Serum.  The  serum  was  always  heated  in  sealed  tubes  under 
t  same  conditions  as  those  described  in  the  preceding  experiments  and 
or  certain  accurate  measurements,  the  free  space  above  the  liquid  was 
reduced  to  a  minimum.  After  heating,  the  tubes  were  cooled  so  that  Ihe 

se?utT  The  tub  me  Separa,ted  durin*S  «>e  heating  could  redissolve  in  the 
serum.  The  tubes  were  opened  only  at  the  time  of  the  measurement 

which  ^ouW^be^maintainet?  at  Tetter  °f 

within  about  2/10ths  of  a  degree  for  ten  minutes'  heating  8  § 

Filling  of  the  Electrode.  Saturation  All  +i  & 

of  »>ydroren~mbevtsi::: 

Of  such  differences  in  the  pH  reaches The  ®°  thoff:  ?«»>.  "The  order  of  marmitade 

“Ur  -  — 
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through  a  5  per  cent  solution  of  pyrogallic  acid  alkalinized  with  potash. 
The  hydrogen,  under  pressure,  was  forced  through  a  fritted  quartz  filter 
immersed  in  this  solution  so  as  to  obtain  almost  microscopic  bubbles.  The 
washing  is  thus  very  efficacious.  The  electrode  syringe  was  always  rinsed 
beforehand  with  the  serum  to  be  studied,  and  the  hydrogen  was  saturated 
with  COo  in  the  electrode-syringe,  by  rotation,  in  contact  with  two  successive 
samples  of  the  serum  to  be  studied  which  were  both  eliminated  and  replaced 
by  the  definitive  sample.  The  tension  of  C02  in  the  hydrogen  was,  therefore, 
determined  by  the  tension  of  C02  in  the  very  serum  used  for  the  experi¬ 
ment.10. 

Temperature.  As  the  apparatus  (Ionometer)  was  provided  with  water 
circulation  completely  surrounding  both  the  hydrogen  and  the  saturated 
calomel  electrodes,  all  the  measurements  were  made  at  a  constant  temper¬ 
ature,  =*=  0.5°.  This  temperature  is  alwrays  mentioned  for  every  experiment. 

Electric  Measurements  of  Difference  of  Potential.  For  the  positive 
half-element  with  respect  to  the  hydrogen  electrode  we  always  used  the 
calomel  electrode  with  saturated  KC1.  We  used  the  large  model  Type  K 
Leeds  and  Northrup  potentiometer,  which  is  sensitive  to  l/100th  millivolt, 
coupled  to  the  mirror-and-scale  galvanometer  made  by  the  same  firm.  But 
we  mostly  employed  an  automatic  recording  potentiometer  of  Leeds  and 
Northrup  (Minimax),  especially  modified  for  us  by  the  firm  of  M.E.C.I. 
in  Paris.  It  had  33  sensitivities  which  enabled  us  to  cover  almost  the  whole 
scale  of  pH  with  the  possibility  of  reading  about  l/10th  of  a  millivolt,  i.e., 
roughly,  2/l,000ths.  These  values,  moreover,  were  frequently  checked 
during  the  measurements  with  the  standard  Type  K  potentiometer. 

The  great  advantage  of  this  set-up  combined  with  the  rotating  electrode, 
lies  in  the  complete  elimination  of  the  individual  coefficient  in  the  measure¬ 
ments  and  in  the  possibility  of  obtaining  recorded  charts  of  all  the  experi¬ 
ments.  Under  these  conditions  the  following  results  were  obtained. 


Experimental  Results 

First  Group.  For  this  group,  no  special  precautions  were  taken  in 
handling  the  serum;  that  is,  it  was  manipulated  in  contact  with  the  air  and 
heated  in  sealed  tubes.  The  tree  space  over  the  liquid  varied  slightly  from 

one  tube  to  another.  „„  nvir»««,.re- 

Ex periment  No.  1:  Normal  Horse  Serum:  Temperature  go  (Measure 

ments  taken  with  the  recording  potentiometer  checked  by  the  standa 

potentiometer  and  correct  within  0.000,1  volt.) 11 

taT& 

of  the  restrictions  made  above,  the  tlmd  decimal  Pu 
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In  this  experiment  we  find  an  increase  in  the  pH  value,  that  is,  an 
alkalinization,  as  had  been  observed  by  a  number  of  authors  (Lieberman, 
Tangl,  Seligmann,  and  Hecht). 

Experiment  No.  2.  Normal  Horse  Serum:  Temperature  20°.  Time  of 
heating  10  minutes. 


Electrode  No.  1 

Electrode  No.  2 

Temp. 

Temp. 

(°C) 

pH 

(°C) 

pH 

20 

7.920 

20 

7.874 

'  45 

8.000 

60 

7.959 

50 

7.988 

65 

7.976 

55 

7.995 

67 

7.973 

In  this  experiment  alkalinization  is  much  less  marked  and  the  phenom¬ 
enon  does  not  show  a  systematic  increase.  It  is  evident  that  there  must 
be  a  disturbing  factor  independent  of  the  measurement  itself. 

Experiment  No.  3.  Cock  Serum:  Temperature  20°.  Heated  10  minutes. 


Electrode  No.  2 


Temp. 

(°  C) 

pH 

20 

7.647 

55 

7.865 

60 

7.870 

65 

7.850 

68 

7.885 

Electrode  No.  3 


Temp. 

(°  C) 

pH 

20 

7.785 

40 

7.865 

45 

7.755 

50 

7.806 

This  experiment  is  frankly  bad.  Even  though  alkalinization  finally  sets 
in,  there  are  also  unexplainable  fluctuations. 

Experiment  No.  11.  Normal  Horse  Serum.  Manipulated  in  contact  with 
air  as  m  the  preceding  experiments,  but  the  free  space  above  the  liquid  in 

considerably  reduced  and  was  not  greater  than  0.2  cc, 
with  slight  variations  from  one  tube  to  another. 


Electrode  No. 
Temp. 

(°  C) 

20 

45 

50 

60 


l 


PH 

7.700 

7.690 

7.690 

7.660 


Electrode  No.  3 
Temp. 

(°  C)  pH 

20  7.600 

64  7.690 

66  7.782 


Electrode  No.  4 
Temp 

<°  C)  pH 

20  7.690 

65  7.700 


It  is  useless  to  publish  the  results  nf  tlio  10  c 

for  this  last  series  (Exn  Nn  , T  ,  }2  senes  of  measurements  made, 

CneS  (Exp'  No-  “)  elearly  shows  that:  (1)  The  fluctuations 


Electrode  No. 

1 
2 

3 

4 


20° 

50° 

- pH — 

55° 

7.920 

7.906 

.... 

7.906 

7.933 

•  •  .  . 

7.920 

7.935 

60° 

7.940 


65° 

7.965 


sroup  of  experiments  it  rdll  be  seenthat°th.f  abs°'Ute  VaKle- 

Pomt,  and  that  it  can  be  taken  into  account uTSS «  the  ^ 
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have  become  much  less  important,  and  (2)  that  the  tendency  toward 
alkalinization  is  almost  suppressed  (electrode  No.  4)  and  even  replaced  by  a 
slight  indication  in  the  opposite  direction  (electrodes  1  and  3) .  This  indi¬ 
cation  suggests  that  the  irregularities  of  the  preceding  experiments  and  per¬ 
haps  even  the  alkalinization  were  due  to  loss  of  CO2,  which  varied  according 
to  the  amount  of  free  space  above  the  serum  in  the  tubes.  Therefore,  a  new 
series  of  experiments  was  undertaken  in  order  to  confirm  or  disprove  this 
hypothesis. 

Second  Group.  In  this  group  the  serum  was  manipulated’  in  contact 
with  air,  but  in  sealed  tubes  with  no,  or  very  little,  free  space  above  the 
liquid.  It  will  suffice  to  give  the  results  of  one  series  of  experiments,  per¬ 
formed  with  four  different  electrodes,  so  that  in  reality  it  represents  four 
experiments. 

Experiment  No.  14-  Normal  Horse  Serum:  Temperature  20°. 


Electrode  No.  1  Electrode  No.  2 


Temp. 

(°  C) 

pH 

Temp. 

(°  C) 

pH 

20 

7.782 

20 

7.787 

45 

7.805 

50 

7.805 

55 

7.795 

Electrode  No.  3 

Temp. 

(°  C) 

pH 

• 

Electrode  No.  4 

Temp. 

(°  C) 

pH 

20 

7.782 

20 

7.798 

60 

7.790 

63 

7.765 

66 

7.795 

These  measurements  show:  (1)  That  when  the  free  space  is  reduced  to  a 
minimum  the  fluctuations  are  clearly  decreased.  The  differences  between 
the  values  at  20°  are  slight  (the  three  first  electrodes  give  values  which  coin¬ 
cide  to  5/1000.  Only  the  fourth  gives  a  value  differing  by  16/1000.  (2) 

That  it  is  impossible  to  state  whether  there  is  alkalinization  or  acidification, 
as  the  differences  are  too  small  or  not  constant. 

This  explains  the  differences  in  the  results  published  by  other  authors 
and  shows  the  necessity  of  manipulating  the  serum  with  rigorous  precautions 
before  the  measurements. 

Therefore,  a  third  group  of  experiments  was  made,  in  which  the  serum 
was  manipulated  under  neutral  paraffin  oil,  and  in  which  the  tubes  were 
sealed  without  leaving  any  free  space  above  the  liquid.  The  measurements 
were  made  with  horse  serum  (Exps.  15  to  31,  and  49  to  55),  ox  serum 
(Exps.  42  and  45),  and  sheep  serum  (Exps.  41  and  44). 

Experiment  No.  15 


Electrode  No. 

1 

2 

3 

4 


20° 

7.695 

7.695 

7.700 

7.702 


45° 

7.702 


50° 

7.697 


55° 

7.695 


60°  63° 

7.650 

7.671 


CONCENTRATION  OF  HYDROGEN  IONS 


143 


It  can  be  seen  that  the  values  at  20°  coincide  for  the  four  electrodes  to 
better  than  ±  0.004,  which  is  much  more  satisfactory  and  enables  one, 
if  necessary,  to  interchange  the  electrodes  as  the  differences  between  the 
absolute  values  of  the  starting  point  are  not  greater  than  the  admitted 
values  of  experimental  error. 

But  the  outstanding  fact  is  the  stability  of  the  pH  at  all  temperatures 
with  the  exception  of  60°,  when  there  is  a  difference  of  0.045  pH  toward 
acidity.  This  phenomenon  will  be  found  in  all  the  following  series ,  with 
occasionally  a  progressive  decrease  from  54°  on. 

Experiment  No.  17 


Electrode  No.  20° 

1  7.815 

2  7.833 

3  7.815 

4  7.833 


45°  50° 

7.805 

7.822 


—pH - 

58°  60° 

7.790 

7.795 


62°  64° 

7.760  _ 

7.790 


In  this  experiment,  the  differences  in  the  initial  values  were  due  to  the 
calomel  electrodes  and  not  to  the  hydrogen  electrodes.  When  the  correction 
is  made  the  difference  is  reduced  to  0.008  pH. 

Experiment  No.  20.  Normal  Horse  Serum:  Heated  10  minutes. 


Electrode  No.  20° 

43° 

50° 

- pH - 

58° 

60° 

1  7.730 

7.720 

2  7.730 

3  7.730 

4  7.730 

7.725 

.... 

7.705 

7.700 

62°  64° 

7.685  7.785 


Experiment  No.  23.  Horse  Serum:  Heated  10  minutes. 


Electrode  No. 

1 

2 

3 


20° 

7.810 

7.820 

7.810 


50° 

55° 

- pH- 

60° 

7.810 

7.820 

7.757 

7.805 

7.800 

62°  63° 

7.782 

7.783 

7.770 


64°  ' 

7.773 


Experiment  No.  26.  Normal  Horse  Serum:  Heated  10  minutes 


Electrode  No. 

1 

2 

3 


20° 

7.637 

7.637 

7.634 


53° 

7.618 


55° 

7.608 

57° 

-pH - - 

59° 

7.564 

61° 

63° 

65°' 

7.608 

7.590 

7.564 

7.574 

7.583 

7.605 

Experiment  No.  27.  Normal  Horse  Serum:  Heated 


10  minutes. 


Electrode  No. 
2 

3 

4 


20° 

7.613 

54° 

56° 

58° 

-pH - — 

60° 

61° 

62° 

64°^ 

7.615 

7.605 

7J398 

•  *  •  • 

.... 

7.566 

7.545 

7.615 

.... 

7.575 

7.566 

.... 

.... 

7.575 
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Experiment  No.  49.  Normal  Horse  Serum:  Heated  10  minutes. 


Electrode  No. 

20° 

54° 

56° 

58J 

—pH - 

59° 

60° 

62° 

64°  66° ' 

1 

7.730 

•  •  •  • 

7.702 

7.692 

2 

7.725 

7.725 

7.718 

7.682 

3 

7.730 

.... 

.... 

7.696 

7.692 

7.673 

4 

7.730 

.... 

.... 

.... 

7.685 

.... 

.... 

....  7.677 

Experiment  No.  55.  Normal  Horse  Serum:  Heated  10  minutes. 


✓ - 

- pH - 

— N 

Electrode  No.  20° 

55° 

57° 

59° 

61° 

63° 

65° 

1  7.543 

2  7.536 

4  7.540 

7.523 

7.523 

7.480 

7.463 

7.445 

7.475 

These  two  series  of  experiments  show  that  the  decrease  in  the  value  of 
the  pH  sometimes  begins  early,  at  55°  and  at  56°.  This  is  not  frequent. 
It  can  also  be  seen  that  the  minimum  can  be  shifted  up  to  63°  or  64°. 
Nevertheless,  in  the  great  majority  of  cases  the  minimum  value  is  reached 
before  62°. 

Experiment  No.  42.  Ox  Serum:  Heated  10  minutes. 


Electrode  No. 

*  20° 

54° 

56° 

58° 

- pH - 

60° 

62° 

64° 

66° 

68°  ' 

1 

7.620 

7.617 

7.592 

7.550 

7.568 

7.573 

2 

7.615 

•  «  •  • 

7.598 

.... 

7.550 

.... 

3 

7.598 

7.620 

.  .  . 

.... 

.... 

7.562 

.... 

.... 

4 

7.605 

.... 

7.600 

.... 

.... 

.... 

.... 

Experiment  No.  44.  Sheep  Serum:  Heated  10  minutes. 


Electrode  No. 

1 

2 

3 

4 


pH - 


20° 

56° 

58° 

60° 

62° 

64° 

7.825 

7.815 

•  •  •  • 

.... 

7.770 

.... 

7.832 

7.832 

7.837 

7.825 

7.810 

7.785 

.... 

7.748 

66°  68° 
7.74S  7.742 

7.753 


These  data  show  that:  (X)  when  the  serum  is  manipulated  under  a  layer 
of  paraffin  oil  and  kept  from  all  contact  with  air,  different  samples  of  the 
same  serum  in  different  electrodes  give  values  which  are  identical  to  1/10U. 

(2)  With  10  minutes’  heating  there  is  a  minimum  0/  pH,  i.e.,  an  acidity, 
usually  between  59°  and  62°,  and  that  this  slight  acidification  has  a  mean 
value  of  the  order  of  0.05  pH  (the  extremes  being  0.03  and  0.07),  which  is 
much  greater  than  the  possible  experimental  errors.  This  acidity  correspond 
to  a  mean  increase  of  about  13  per  cent  in  the  concentration  0  M™^ture 

(3)  An  increase  in  the  pH  often  follows  this  minimum  when  the  te”Pel»tl“ 
approaches  that  of  coagulation  (66°) ;  ox  and  sheep  sera  gave  the  same 


results. 
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Influence  of  the  Time  of  Heating.  The  time  of  heating  does  not  seem 
to  play  an  important  part  any  more  than  in  the  physical  phenomena  pre¬ 
viously  described.  After  one  hour  of  heating  we  sometimes  observed  the 
minimum  at  58°  that  is,  a  little  sooner;  but  the  amplitude  of  the  drop  did 
not  vary  materially  (0.071). 

Experiment  No.  39.  Normal  Horse  Serum:  Heated  one  hour. 


Electrode  No. 

'  20° 

52° 

56° 

58° 

60° 

1 

7.513 

7.502 

3 

7.513 

.... 

7.475 

7.442 

7.471 

4 

7.513 

.... 

.... 

7451 

.... 

The  phenomenon  described  above,  i.e.,  the  slight  acidification  of  heated 
serum  between  58°  and  62°,  isaffected  by  the  initial  pH  value  of  the  serum. 
In  other  words,  if  the  serum  is  even  slightly  acidified  before  heating ,  to  pH 
6.80  for  instance,  there  is  very  little  or  no  decrease  of  pH  after  heating,  as 
.  the  following  experiments  will  show.  In  certain  cases  there  is  even  a  slight 
alkalinization  (Exps.  P94  and  P109). 

Experiment  P94.  Normal  Horse  Serum. 


Sample  A  (25  cc)  acidified  by  a  current 
of  CO2  for  8  min.,  then  covered  with 
paraffin  oil.  Heated  10  min.  in  sealed 
tube.  Temperature  of  measure,  20°. 


Sample  B  (control)  simply  maintained 
under  neutral  oil,  heated  and  measured 
under  the  same  conditions. 


pH 

6.710 

6.715 

°C 

20° 

60° 

pH 

7.643 

7.580 

Difference  +  0.005 

Difference  -  0.063 

Experiment  Pi 09.  Horse  Serum. 


A.  Acidified  by  current 
of  C02  for  10  minutes. 
Heating  and  measure¬ 
ments  as  above. 


B.  Control. 


(°C) 

20 

60 


pH 

6.760 

6.764 


(°  C) 
20 
60 


pH 

7.667 

7.623 


Difference + 

20 

60 


0.004 

6.748 

6.748 


Difference  0.000 


Difference 

20 

60 


Difference 


-  0.044 

7.667 

7.615 

-  0.052 


the  serun^by0 means  ^  pH  We  addlfi^ 

manner:  0.1,  0.2,  0.5  cc  7VHC1  solutionwere  “added  toO^Vs  Q7  fq0“°Wing 
serum  so  as  to  bring  the  solution  in  1  99’  9’8’  97>  95  cc  of 

the  fact  mentioned  by  Sorensen  (loo  n't  wn  °  W6fe  tllus  aljle  to  confirm 

>  oorensen  (loc.  cit.)  that  a  serum  coagulates  at  60°, 
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when  its  pH  has  been  brought  down  to  4.78  (9.5  cc  serum  +  0.5  cc  AHC1) . 
We  therefore  had  to  acidify  less.  The  serum  no  longer  coagulated  at  60° 
at  a  pH  of  about  5.4,  but  we  found,  as  we  mentioned  above,  that  the  heating 
determined  a  very  slight  alkalinization  instead  of  the  acidification  observed 
with  normal  serum  which  had  not  been  acidified  beforehand.  In  other  words, 
a  serum  heated  for  ten  minutes  at  60°  and  then  cooled  shows  slight  acidifica¬ 
tion  or  slight  alkalinization  (both  of  the  order  of  0.05  pH) ,  depending  on 
whether  the  initial  pH  of  the  serum  is  alkaline  or  add.  The  curves  join 
around  pH  6.90  and  there  is  neither  acidification  nor  alkalinization;  at 
least,  if  there  is  any  it  is  of  the  order  of  magnitude  of  experimental  error 
(Exp.  P153) . 

Experiment  Pi 53. 


VHC1  added  (%) 

1 

2 

3 

4 

• 

Control  Serum  (unheated) 
Serum  heated  at  60° 

7.49 

7.45 

6.90 

6.90 

6.38 

6.41 

5.98 

6.00 

5.38 

5.43 

pH 

Difference  in  pH 

-0.04 

0.00 

+  0.03 

+  0.02 

+  0.05 

The  same  phenomenon  occurs  with  diluted  serum,  and  the  amplitude  of 
the  variations  is  of  the  same  order  of  magnitude.  As  can  be  seen,  the 
phenomenon  is  slight  but  constant. 

Diluted  Serum.  As  it  was  not  easy  ta  follow  the  alkalinization  above 
66°  on  account  of  coagulation,  and  as,  on  the  other  hand,  it  would  be  inter¬ 
esting  to  know  if  the  minimum  of  pH  was  really  followed  by  a  rise,  we 
diluted  the  serum  with  varying  quantities  of  a  0.9  per  cent  physiological 
solution  and  with  a  solution  of  KC1  at  9.525  per  thousand. 

Under  these  conditions  we  observed  a  more  marked  acidification  begin¬ 
ning  around  54°,  but  the  increase  of  pH  at  temperatures  above  62°  was  not 
observed  regularly.  The  minimum  was  generally  but  not  always  reached  at 
a  higher  temperature  than  in  the  undiluted  serum  and  varied  from  one  sample 

to  another  (Exps.  32,  33,  and  50) .  7  7  ,  • 

Experiment  No.  32.  Horse  serum  diluted  with  an  equal  volume  of  is  - 

tonic  KCl. 


Electrode  No. 

2 

3 


20° 

7.762 

7.762 


54° 


7.722 


— pH— 
60° 

7.668 


68° 

7.623 


70° 


7.595 


Experiment  No.  S3.  Horse  serum  diluted  with  an  equal  volume  of  iso - 
tonic  KCl. 
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Electrode  No. 

1 

2 

3 

4 


o 

O 

54° 

56° 

60° 

- pH — 

62° 

64° 

66° 

69° 

72° 

7.731 

7.720 

7.670 

7.655 

.... 

.... 

.... 

7.748 

7.725 

.... 

7.704 

7.670 

.... 

.... 

.... 

7. 66  i 

7.670 

7.655 

7.712 

•  •  •  • 

•  •  .  . 

7.683 

.... 

.... 

.... 

.... 

Experiment  No.  50.  Horse  serum  diluted  to  1/8  (1  cc  serum  +  7  cc 
isotonic  NaCl) . 


, - pH - . 

Electrode  No.  20°  55°  75°  85°  100° 

1  7.635  ....  7,530  _  _ 

3  7.635  7.633  ....  7.555  7.566 


It  is  impossible  to  reach  a  conclusion  concerning  what  happens  in  un¬ 
diluted  serum  above  62°,  on  the  basis  of  the  above  experiments  made  with 
diluted  serum  and  of  many  others  which  gave  equivalent  results.  It  can, 
therefore,  be  admitted  that,  when  serum  is  heated  around  60°,  a  minimum 
pH  occurs  which  is  sometimes  followed  by  a  rise  toward  alkalinity.  The 
interpretation  of  this  fact  is  very  difficult  for  the  time  being. 
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Buffer  Action  of  Serum.  We  wondered  if  this  acidification  was  not 
1  elated  to  a  decrease  in  the  buffer  action  of  serum  as  a  result  of  heating. 
To  answer  this  question  a  series  of  measurements  were  performed  with 
heated  and  unheated  sera  to  which  varying  quantities  of  HC1  and  NaOH 
had  been  added.  The  results  of  these  experiments  are  expressed  in  Fig.  76. 
Fig.  75  shows  the  buffer  action  of  the  Michaelis  solution  next  to  that  of 
heated  serum;  the  diagonal  line  represents  the  value  of  water  (buffer  =  0) 
when  the  same  quantities  of  acid  or  alkali  have  been  added.  Fig.  76  shows 
clearly  that  the  buffer  action  of  serum  is  not  modified  by  heat.  On  the 


Fig.  76.  Buffer  action  of  unheated  serum  at  20°  C.,  and  serum  heated  for  10  minutes 
at  55°  and  62°  C.  Concentration  of  the  Na  OH  or  HC1  solutions  added  to  9cc. 
of  serum  in  abscissae.  (lcc.+9cc.=10) 


other  hand,  one  clearly  sees  the  change  due  to  heating  which  shifts  the 
whole  curve  toward  acidity.  It  can  also  be  seen  that  the  serum  is  better 
buffered  on  the  acid  side  than  on  the  alkaline.  (Michaelis.) 

In  brief,  when  blood  serum  is  manipulated  with  proper  precautions 
ensuring  a  minimum  loss  of  CO2,  and  when  it  is  heated  for  only  ten  minutes, 
a  minimum  pH  is  observed,  that  is,  a  maximum  of  acidity,  around  60°.  Up 
to  56°  the  pH  value  is  approximately  constant,  but  a  beginning  of  acidifica¬ 
tion  is  often  observed  around  or  above  this  temperature. 

This  phenomenon  is  constant  but  of  slight  amplitude.  The  mean  value 
of  the  drop  is  of  0.05.  Beyond  60°  a  rise  in  pH  often  takes  place  (alkalimza- 
tion),  which  brings  its  value  back  to  the  same  level  or  even  above  the 


CONCENTRATION  OF  HYDROGEN  IONS 


149 


original  value.  These  phenomena  can  be  observed  only  if  there  is  no  loss 
of  C02  before,  during,  or  after  heating. 

The  alkalinization  mentioned  by  certain  authors  was  therefore  due  to 
the  loss  of  CO2,  which  they  had  not  tried  to  avoid.  Those  who  concluded 
that  there  was  an  absence  of  variation  after  heating  employed  a  technique 
which  was  more  rigorous,  but  their  methods  of  measurement  were  either 
not  sensitive  enough  or  not  accurate. 

When  the  serum  is  diluted  with  isotonic  solution  the  same  phenomenon 
takes  place.  The  drop  is  more  pronounced,  generally  starts  around  55°, 
and  progressively  reaches  a  minimum.  Above  60°  the  pH  values  oscillate 
around  the  minimum  value  and  rarely  show  a  tendency  toward  alkaliniza¬ 
tion. 


This  phenomenon  characterizes  normal  serum  with  a  pH  between  7.20 
and  7.80  (at  20°).  If  the  pH  of  the  serum  is  lowered  to  about  6.80  or  6.90 
before  heating,  the  amplitude  of  the  phenomenon  decreases  considerably 
and  tends  toward  0.  When  the  acidity  is  higher  (up  to  5.4,  for  example) 
the  phenomenon  is  inverted  and  an  alkalinization  can  be  observed  when  the 
serum  is  heated  at  60  .  The  mean  amplitude  is  the  same  as  in  the  preceding 
phenomenon,  i.e.,  0.05  pH.  The  curves  representing  the  variations  of  the 
pH  of  two  samples  of  the  same  serum— one  heated  to  60°  and  the  other 

unheated— as  a  function  of  the  quantity  of  acid  added,  therefore,  cross  each 
other  around  pH  6.85. 


Heating  at  62°  does  not  modify  the  buffer  action  of  serum.  This  phe¬ 
nomenon,  i.e.,  the  slight  decrease  in  the  pH  value  of  the  serum,  usually  fol¬ 
lowed  by  a  rise,  can  be  added  to  the  list  of  those  which  we  have  already 
described  and  which  characterize  the  critical  temperature  of  serum  and  the 
destruction  of  the  alexin  by  heat. 


Chapter  10 


Fixation  of  Ether  by  Serum  as  a  Function 
of  Temperature. 

Parallelism  with  the  “Complementary  Power” 


So  far,  the  only  connection  between  the  phenomena  we  have  described 
and  the  destruction  of  the  complement  is  the  existence  of  a  common  cause: 
heating  at  a  certain  temperature;  but  this  connection  sheds  no  light  on  the 
biological  phenomenon  itself.  We  observe  simultaneously  a  certain  number 
of  phenomena,  different  in  nature,  as  a  consequence  of  a  treatment  of  the 
serum  involving  only  one  variable.  We  logically  conclude  therefrom  that  a 
correlation  exists  between  all  the  observed  effects,  and  that  the  biological 
effect  is  linked  to  the  chemical  (structural),  physical  and  physico-chemical 
phenomena  by  a  relation  of  cause  to  effect.  At  this  point  all  we  can  do  is  to 
propose  a  hypothesis  which  is  plausible  but  not  demonstrated.  Its  rigorous 
demonstration  would  be  difficult.  However,  this  hypothesis  is  the  simplest 
that  could  be  chosen  to  explain  all  the  important  physico-chemical  and 
structural  modifications  which  we  have  described.  It  would  be  quite  in¬ 
comprehensible  if  these  profound  alterations  had  no  repercussion  in  the 
biological  reactions,  and  there  is  too  much  similarity  between  the  mythical 
existence  of  that  elusive  entity  called  the  “complement”  and  the  phlogiston 

for  us  not  to  make  every  effort  to  destroy  it. 

The  only  resource  we  had,  therefore,  was  to  try  to  find  an  ever  increasing 
parallelism  between  certain  physico-chemical  phenomena  and  the  biological 
phenomenon  in  the  hope  of  shedding  some  light  on  the  mechanism  of  the 

latter 

One  of  my  collaborators  at  the  Pasteur  Institute  in  Paris,  Dr.  Franz 
Seelich,  who  was  naturally  working  in  the  same  direction,  discovered  a 
series  of  new  phenomena  which  we  shall  describe  briefly.1  He  observed  tha 
unheated  normal  serum  was  capable  of  fixing  a  considerable  amount  of  ether 
(700  per  cent)  if  the  ether,  (C2H5)20,  was  added  in  small  quantities  and 
the  vessel  was  continually  and  energetically  shaken.  In  such  a  case  the 
•serum  became  more  and  more  viscous  and  finally  solidified  into  a  transparen 

>  Seelich,  F„  Compt.  Rend.  Sac.  Biol.,  110,  794,  922  (1932);  Ann.  Inst.  Pasteur,  52, 
540  (1934);  Biochem.  Zeitschr.,  273,  135  (1934). 
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•  gel.  No  ether  was  fixed  beyond  700  per  cent.  When  agitated,  a  few  extra 
drops  determine  a  rupture  of  the  gel  into  fragments  with  the  exudation  of  a 
part  of  the  ether  previously  fixed.  The  saturation  point  is  quite  sharply 
defined  within  5  per  cent.  When  the  serum  has  thus  fixed  a  maximum  of 
ether,  the  gel  is  not  stable  and  the  exudation  of  the  ether  begins  as  soon  as 
the  agitation  is  stopped.  After  the  elimination  of  the  ether  by  exudatioi\( 
it  can  be  fixed  again  when  added  in  small  quantities.  This  is,  therefore, 
a  reversible  and  quantitative  phenomenon.  Serum  heated  to  50°  reacts  in 
the  same  way  as  unheated  serum;  but  if  it  is  heated  for  ten  minutes  at  a 


Cm3 


Fig.  77.  "Volume  of  ether  (in  cubic  centimeters 
function  of  temperature. 


per  cc.  of  serum) 


fixed  by  serum  as  a 


asTf  unction ^nMh  T  ?Uantity  °f  6ther  which  Can  be  fixed  decreases 

S  ru^  heated  a  «T6r  e  UP  58°’  aftCT  Which  *  remains  “nstant. 
,,  „  rt  A  J  u  k  58,  fixes  a  c*uantlty  of  ether  about  equal  to  *  of  the 
quant,  y  fixed  by  unheated  serum,  ,c„  4.5  cc  per  cc,  instead  of  7  cc  Above 

viscn  +  tiS  are  n°  °nger  constant.  Probably  because  of  the  increase  in 

points' of  th  'e  generaI  aspect  of  the  Phenomenon  is  shown  in  Fig  77  The 
points  Of  the  curve  express  the  mean  values  of  three  experiments  ' 

stancy  of  thTreSte  '  oITc/T^1316  ,beCaUSe  °f  the  quantitative  con- 
ether  within  ab out  2  OT  3  tef  h  tT^  ^  u*  qUanti*  °f 

an  emulsion.  His  expeH^o^K  » 
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and  sodium  oleate  salts  {Ann.  Inst.  Pasteur,  1934)  seem  to  confirm  this 
point  of  view. 

In  his  first  paper  he  gave  an  explanation  of  this  phenomenon  based  on 
the  orientation  of  molecules,  but  his  later  work  made  him  abandon  this 
hypothesis.  It  would  seem  that  these  phenomena  can  be  explained  simply 
by  what  we  know  of  unstable  emulsions. 

In  further  experiments  Seelich  observed  that  when  unheated  serum  was 
diluted  there  was  a  slight  increase  in  its  total  ability  to  fix  ether.  For  in¬ 
stance,  0.5  cc  of  serum  fixes  3.5  cc  of  ether.  If  0.5  cc  of  water  is  added, 
7  cc  of  ether  will  be  fixed  just  as  if  1  cc  of  serum  had  been  used.  But  the 
increase  of  capacity  due  to  0.5  cc  of  water  remains  the  same  if  it  is  added 
to  1  cc  of  serum,  that  is  to  say,  1  cc  of  serum  +  0.5  cc  of  water  will  fix 
7  +  3.5  =  10.5  cc  of  ether.  Distilled  water  and  NaCl  physiological  solution 
act  in  the  same  way.  If  0.5  cc  of  water  is  added  to  0.5  cc  of  serum  previously 
heated  (10  min  at  57°),  the  same  increase  is  observed,  i.e.,  3.5  cc  of  ether, 
or  2.25  +  3.5  =  5.75  cc. 

The  question  then  arose  as  to  whether  the  reaction  would  not  be  more 
marked  if  fresh  serum  were  added.  Experiments  confirmed  this  hypothesis. 
The  phenomenon  in  question  is  parallel  to  that  of  the  destruction  of  alexin 
by  heat,  which  is  followed  by  “reactivation”  when  very  slight  quantities  of 
fresh  serum  are  added.  In  order  to  try  to  see  how  far  this  parallelism  was 
carried,  the  quantity  of  fresh  serum  added  was  decreased,  and  it  was  observed 
that  it  suffices  to  add  one  drop  (about  0.05  gr)  of  fresh  serum  to  1  cc  of 
serum  heated  for  10  minutes  at  57°  to  reactivate  the  serum  almost  totally, 
so  that  its  capacity  for  fixing  ether  passes  from  4.5  cc  to  a  value  very  near 
or  equal  to  7  cc,  (between  6.5  and  7.0) .  We  therefore  have  here  a  new  effect 
which  is  independent — above  a  certain  minimum  limit  value — of  the  volume 
of  serum  added,  and  which  seems  to  depend  solely  on  the  properties  of  the 
fresh  serum. 

The  parallelism  between  the  two  phenomena — biological  and  physico¬ 
chemical — is  quite  clear.  Unfortunately,  until  now  the  mechanism  of  the 
physico-chemical  phenomenon  is  as  little  known  as  that  of  the  biological  one 
and  cannot  yet  be  used  for  an  explanation. 

These  facts  are  very  interesting.  For  the  first  time  we  possess  a  physical 
model  which  functions  like  the  biochemical  phenomenon.  Seelich  was  also 
able  to  demonstrate  that  when  a  serum  is  heated  for  10  minutes  at  a  tem¬ 
perature  above  50°  (between  50°  and  60°)  and  then  treated  with  C02  (by 
letting  a  slight  current  of  carbonic  gas  pass  through  for  10  minutes),  there 
is  an  increase  in  the  ether  coefficient,  whereas  the  ether  coefficient  of  fiesh 

serum  does  not  change  after  this  treatment. 

It  is  evidently  the  change  in  the  ionic  equilibrium  which  brings  about  an 
increase  in  the  power  of  emulsion.  As  the  serum  is  buffered  by  carbonates, 
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phosphates  and  proteins,  one  can  obtain  a  complete  change  in  this  equi¬ 
librium  by  making  a  slight  change  in  the  concentration  of  H+  ions.  But  as 
we  do  not  know  the  factors  which  underlie  the  mechanism  of  emulsification, 
it  is  impossible  to  specify  the  direct  cause  of  the  increase  of  the  emulsifying 
powrer  of  heated  serum  as  a  function  of  the  treatment  described  above. 

We  have  shown  that  the  heating  of  serum  at  a  temperature  which  de¬ 
creases  or  destroys  the  alexinic  activity  of  serum  also  decreases  its  power 
of  emulsion. 

It  was  therefore  interesting  to  find  out  whether  the  factors  which  in¬ 
crease  the  emulsijying  power  of  serum  could  not  also  increase  the  alexinic 
activity.  In  the  experiments  made  to  verify  this  hypothesis  we  were  obliged 


Table  28.  Different  Saline  Solutions  Used  to  Dilute  the  Serum.  Hemolysis. 


NaCl  8.5 
per  1000 

Ringer 
(without  Bi¬ 
carbonate) 

Tyrode 

(Carbonated) 

Tyrode 

(Air-treated) 

Normosal 

(Carbonated) 

Vol.  Serum  diluted  to  1/40 

0.1 

0.2 

0.1 

0.2 

0.1 

0.2 

0.1 

0.2 

0.1 

0.2 

Vol.  Saline  Sol.  Added 

0.9 

0.8 

0.9 

0.8 

0.9 

0.8 

0.9 

0.8 

0.9 

0.8 

Constant  Vol.  Susp.  of 
Sheep  Globs.  5% 

(Phys.  Sol.  NaCl) 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

Hemolysis  after  30  min 
at  38° 

0 

Very 

Slight 

0 

Very 

Slight 

Slight 

Com¬ 

plete 

Very 

Slight 

Strong 

Slight 

Com¬ 

plete 

(sheep)  at  5  per  cent.  °  CC  °f  a  susPensi™  of 


suspension  of  red  blood-corpuscles 


Ws  hemolv"fshTtd  T™"  ^  Carb°niC  gaS’  M  of  the  latter 

h~r  zssszs 

x  s^Ki ssx salinc  soiutions — 

bee„eL:LTrdtf„aLturtee?iSat°56»ai?  U  WM°h  ^ 

prepared  NaC]  isotonic  solution  „t  S  s  $  bee”  dlluted  with  a  freshly 
a  solution  of  IS  ^ 

be  observed  (Table  28)  a  ^  hemolysis  can  still 

=1!,“  Sen'm  "  di'Uted  WUh  "  9  Per  Cent  NaC1  ^ution  or  Ringer 

tains  Na,  K  S  ilorid^6”'”  *l*h  — 
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solution,  its  alcxinic  power  is  definitely  inferior  to  that  of  an  analogous 
dilution  made  with  a  Tyrode  or  Normosal  solution  containing  bicarbonate. 

A  fresh  serum  diluted  with  Tyrode  solution  through  which  a  current  of 
air  has  passed  for  20  minutes  and  in  which  the  amount  of  bicarbonate  and 
the  concentration  of  H+  ions  has  been  decreased  by  transformation  of  the 
bicarbonate  into  carbonate,  undergoes  less  hemolysis  than  a  serum  diluted 
with  an  untreated  Tyrode  solution. 

In  connection  with  this  subject  we  must  also  mention  the  old  observa¬ 
tions  of  L.  and  P.  von  Liebermann3  and  A.  Lumiere,4  who  showed  that  the 
alexenic  activity  of  serum  separated  from  venous  blood  is  much  stronger 
than  that  of  arterial  blood  less  rich  in  C02. 

If  the  biological  phenomena  depending  on  alexinic  activity  are  com¬ 
pared  to  the  emulsive  power  of  serum,  it  is  found  that  the  same  causes  bring 
about  changes  in  the  same  direction. 


(1)  Destruction  of  alexin  after  heating 
above  55°. 

(2)  Decrease  of  the  alexinic  activity  with 
time. 

(3)  Influence  of  the  content  in  sodium 
bicarbonate  and  in  CO2  in  the  solutions 
used  to  dilute  fresh  serum  or  serum 
heated  at  56°  on  the  alexinic  activity  in 
the  direction  of  an  increase  of  the  latter. 


(1)  Decrease  of  the  ether  coefficient  after 
heating  at  the  same  temperature. 

(2)  Decrease  of  the  ether  coefficient  with 
time. 

(3)  Influence  of  sodium  bicarbonate  and 
of  carbonic  gas  on  the  ether  coefficient  in 
the  direction  of  an  increase  of  the  latter. 


It  therefore  seems  permissible  to  assume  that  the  emulsifying  power  of 
serum  depends  on  the  same  mechanisms  which  condition,  in  part  at  least,  its 
alexinic  activity;  and  it  is  evident  that  this  emulsifying  power  is  directly 
linked  to  the  structural  and  physico-chemical  modifications  enumerated  in 
this  book.  However,  we  must  admit  that  our  ignorance  of  the  chemistry  of 
proteins  does  not  as  yet  allow  us  to  establish  a  complete  correlation  between 

these  phenomena.  . 

Seelich  also  showed  that  the  modifications  brought  about  by  heating 

around  57°  could  be  indicated  by  another  method,  i.e.,  interfacial  tension. 

3  Arch,  fur  Hyg.,  62,  318  (1907). 

4  Corrupt.  Rend.  Acad.  Sci.,  1,  1654  (1928). 


Chapter  11 

Interfacial  Tension  as  a  Function  of  Temperature 

The  gel  formed  by  the  agitation  of  serum  and  ether  is  a  kind  of  emulsion. 
This  “fixation  of  ether”  obeys  the  quantitative  relations  which  govern  the 
volume  of  the  non-aqueous  emulsifiable  phase  as  a  function  of  a  given 
volume  of  the  aqueous  phase  and  of  the  quantity  and  quality  of  the  emul¬ 
sifier. 

Now,  we  know  that  the  emulsive  power  of  serum  is  reduced  by  heating 
at  56°.  Considering  that  interfacial  activity  is  one  of  the  most  important 
factors  in  the  activity  of  an  emulsifier,1  this  fact  might  be  due  to  a  change 
in  the  interfacial  activity  of  the  serum,  brought  about  by  the  modifications 
undei gone  by  the  serum  molecule”  during  heating.  It  was  therefore  inter¬ 
esting  to  measure  the  interfacial  tension  between  serum  and  ether  as  a  func¬ 
tion  of  the  temperatures  at  which  the  serum  had  been  heated.  Unfor¬ 
tunately,  however,  ether  could  not  be  used,  as  its  evaporation  is  so  rapid  that 
it  is  impossible  to  make  measurements  lasting  any  length  of  time.  Therefore 
paraffin  ml  had  to  be  substituted.  This  evidently  modified  the  conditions  of 
t  e  problem,  but  in  a  known  direction,  for  the  interfacial  activity  of  proteins 
depends  on  the  tension  at  the  interface.  Adsorption  is  evidently  different 
v  en  a  relatively  small  interfacial  tension  exists,  such  as  that  of  ether  in 

wTterlnT  "H?  18  fr°m  that  Produced  at  the  interface  of 

^ater  and  paraffin  oil,  where  the  tension  is  relatively  high  (about  32  dynes) 

This  commonplace  observation  expresses  only  one  aspect  of  a  well  known 

cHsregaXTnallwJ16'  thoUgh  i4  is  of  caPital  importance  it  has  been 

reactL “  wil  be  teflato  Tfore  X  "  PartiCUlar  “  ological 

this  point  of  view  '  COntlnuIn«  we  w™ld  »ke  to  clarify 

alsoXeXh^^ 

Gibbs-Thomson  formula  2  Now  thp  f  c  •  his  principle  led  to  the 

:  When  the  fonnaZ  and  nofth  °f  a  Or  of  a  solution 

"See  Lecomte  du  Noiiv  “SurfW  Sp  1  an  emu^si°n.  is  envisaged 
P.  187  and  following  ^  SurfaCe  E(*uillb™  of  Biological  and  Organic  Colloids/’ 
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is  measured  by  the  value  of  its  surface  tension  and  of  its  interfacial  tension. 
If,  therefore,  there  are  substances  in  the  solution  capable  of  decreasing  the 
free  energy,  these  substances  will  concentrate  at  the  interfaces  so  as  to  de¬ 
crease  the  total  energy  of  the  system.  But  a  selection  intervenes  at  this 
point  which,  up  to  the  present,  has  not  been  taken  into  account  in  the 
explanation  of  certain  phenomena.  Indeed,  we  have  just  seen  that  the 
adsorption  of  the  substances  in  solution  or  suspension  is  controlled  by  the 
value  of  the  interfacial  tension.  Positive  adsorption  will  take  place  only 
at  a  surface  where  the  molecules  or  particles  are  capable  of  decreasing  the 
tension.  Therefore,  if  for  some  reason  or  other  the  value  of  the  interfacial 
tension  is  decreased,  adsorption  will  no  longer  take  place  if  the  decrease  is 
equal  to  or  greater  than  that  which  the  molecules  in  solution  are  capable  of 
determining  by  their  adsorption.  On  the  contrary,  if  the  interfacial  tension 
is  increased,  bodies  which  until  then  remained  in  solution  will  concentrate 
at  the  interfaces  in  order  to  decrease  the  tension. 

Let  us  take  an  example.  Consider  a  system  composed  of  two  solutions 
very  slightly  or  not  at  all  miscible.  Suppose  the  interfacial  tension  has  a 
value  of  35  dynes/cm.  If  the  molecules  in  solution  in  one  of  the  solvents 
normally  determine  a  lowering  of  the  tension  corresponding  to  32  dynes, 
they  will  be  adsorbed  at  all  the  interfaces,  including  the  liquid-liquid  inter¬ 
face,  the  tension  of  which  will  be  brought  down  to  32  dynes.  But  if  the 
value  of  the  tension  at  the  interface  is  32  or  30  dynes  to  begin  with,  the 
same  molecules  will  not  be  adsorbed  at  the  liquid-liquid  interface,  whereas 
they  will  continue  to  be  adsorbed  at  the  liquid-solid  interfaces. 

It  is  therefore  possible  to  determine  or  prevent  the  adsorption  of  certain 
substances  at  a  certain  interface  simply  by  modifying  the  value  of  the  ten¬ 
sion  in  that  interface.  By  increasing  interfacial  tension  one  can  force 
certain  substances  to  adsorb,  whereas  below  a  certain  value,  these  same 
substances  would  stay  in  the  solution.  The  distribution  of  surface-active 
molecules  in  the  liquid,  in  other  words,  the  equilibrium  between  quantity  of 
adsorbed  substances  and  quantity  of  dispersed  substances,  is  dependent  on 
the  interfacial  tension,  which  can  thus  prevent  the  adsorption  of  certain  sub¬ 
stances  at  certain  points  and  not  at  others.  Credit  must  be  given  to  Dr. 


Seelich  for  calling  our  attention  to  these  facts. 

Measurements  were  made  with  the  du  Noiiy  interfacial  tensiometer 

described  elsewhere,3  but  greatly  improved  in  recent  years. 

The  results  of  the  measurements  of  interfacial  tension  as  a  function  ot 

time  can  be  summarized  in  the  following  manner. 

Scientific  Co.,  Chicago). 

4  Seelich.  F.,  Biochem.  Zeitschr.,  273,  13o  (1931) 
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(1)  The  initial  drop  in  the  dynamic  value  of  interfacial  tension  is  greater 
for  serum  heated  at  57°  than  for  normal  serum  (see  Fig.  78).  This  phe¬ 
nomenon,  which  is  of  slight  amplitude  in  all  cases,  is  more  marked  at  rela¬ 
tively  weak  concentrations  where  the  adsorption  is  retarded. 


Fig.  78.  Horse  serum  diluted  with  ringer 
solution.  Interfacial  tension  against 
paraffin  oil.  Measured  with  the  du 
Noiiy  Interfacial  Tensiometer. 

(Solid  curve  No.  1 
— from  top — corresponds 
to  serum  diluted  to  %0oo 
No.  2  y10Q 

N°.  3  y10 

N°.  4  undiluted) 


Serum  diluted  to  more  than  1/Z  to  !/  omT  V  #f  5?°  in  two  hours' 
of  two  hours,  an  interfacial  tension  whlh°0  f  ‘"^ance)  shows.  at  the  end 
serum  (Fig.  78) .  "  Wh,ch  18  much  lower  than  that  of  pure 
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Fig.  79.  Schematic  chart  showing 

le^rttrr  oTanutd  This  difference  can  go  so  far  as  to 

invert  the  sign  of  their  relative  activities.  See  text. 


Seelich  explained  this  curious  phenomenon  in  the  following  manner. 
When  the  surface  activity  -g  is  stud.ed  as  a  function  of  the  concentration 
of  a  substance  in  solution,  the  curve  which  represents  the  vanatmns  of  the 
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tension  as  a  function  of  the  concentration  has  the  aspect  of  the  curves  in 
Fig.  79.  These  curves  indicate  that  the  drop  is  rapid  for  low  concentrations 
and  tends  toward  a  constant  value  for  higher  concentrations.5  The  lower 
curve,  B,  evidently  corresponds  to  a  more  active  substance  than  curve  A. 
Now,  as  the  serum  molecule  is  irreversibly  hydrated  by  heating,  this  should 
render  certain  groups  more  hydrophilic.  In  other  words,  after  heating,  these 
molecules  should  have  less  tendency  to  adsorb  at  the  surfaces  of  separation. 
They  are  therefore  less  surface-active.  Thus  in  the  case  of  serum  we  find 
ourselves  in  the  presence  of  two  substances  ( heated  serum  and  unheated 
serum)  with  different  activities  (with  respect  to  a  given  interfacial  tension) , 
which  can  be  represented  by  the  two  curves  A  and  B.  But  here  a  new  factor 
intervenes:  the  increase  of  the  apparent  concentration  as  a  result  of  heating, 
which  we  demonstrated  earlier  (see  Chaps.  1  and  6).  We  showed,  as  the 
leader  may  remember,  that  the  serum  molecules  increased  in  volume  to  the 
detriment  of  the  water  (solvent).  If  the  quantity  of  water  decreases  with 
respect  to  the  quantity  of  substance  dissolved,  everything  takes  place  as  if 
the  concentration  had  increased.  Now  it  can  easily  be  seen  that  at  a  certain 
point  in  the  curve  (toward  the  left)  a  change  in  concentration  of  the  heated 
serum  (from  %  to  %  for  instance,  points  a,  a',  and  0)  brings  about 
an  inversion  of  the  value  of  the  surface  activity  of  the  heated  serum  with 
respect  to  the  activity  of  the  unheated  serum,  a'.  At  an  equal  concentration 
heated  serum  gives  point  0  instead  of  point  a,  as  its  concentration  is  appar¬ 
ently  doubled.  Its  surface  activity  is  therefore  greater  in  fact,  though  it  has 
ecreased  specifically.  On  the  contrary,  at  another  point  of  the  curve  (dilu- 
lon  around  1/10)  toward  the  right,  a  similar  apparent  increase  (of  100  per 

o  niint  andT  t  °f  8erUm  thr0USh  heati"g  wil1  give  point  3  instead 
of  point  y  and  these  two  points,  8  and  y  are  both  above  the  ordinate  cor 

esponding  to  the  surface  activity  of  point  /.  Between  the  two  extremes  one 

S  etl  r,n  eThni!  r'ti  det“  “ 

tion  of  the  aspect  of  the  curves  in  KgT8  and  of  thetcUhff1 1^  “  “P^t 

other,  which  would  be  difficult  to  understand  otherwise  •  y  ^ 

pp. « NoUy’  “Surface  Equilibria  Biological  and  Organic  Colloids,” 

in  the  concentration  of^n^^ole’cuw/fn^TO  ^  “  T?1*  f  the  aVVmnt  increase 
of  inorganic  salts  or  sugars  to  the  Son of  a  LrfaT"?  "u  ^  °f  ,he  additi“ 

n  D  ?hem-  Ges  >  20-  2644  (1887)-  WorlW  ^  o  Substance-  tTraube,  Ber. 
czeller,  Bioch.  Zeitschr.,  66,  173  (1914)1  Th*  /*  Soc->  105  ,  263  (1914)-  Ber- 

creased  by  salts,  which  increase  the  surfae^™  teDS10n  °f  such  a  solution  is  de- 

practically  no  influence  on  the  tension  of  water-810^  und  by  SUgarS’  which  have 

as  a  result  there  is  an  apparent  increase  in  th/  salts  and  sugars  are  hydrated  and 

lyotropic  series  iust  as  in  the  similar  case 
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(3)  In  the  case  of  serum  heated  for  ten  minutes  at  62°  the  static  tension, 
after  a  given  time,  seems  to  be  a  little  higher  than  in  the  case  of  serum 
heated  at  57°  (the  measurements  being  made  under  the  same  conditions 
Fig.  80) .  This  fact  might  be  due  to  the  increase  in  viscosity  of  serum  at  G2  , 

which  would  retard  the  adsorption. _ _____ _ _ 

soluble  substances  when  sal%h?venbe|n Tho 
257  (1925);  Freundlich  and  Schnell,  ZettecA*.  V  Q  C  {  th  ir  volume  as  a  result  of 

'■'*  — lo  lhe 

available  water. 
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(4)  The  addition  of  a  small  quantity  of  normal  serum  to  serum  heated 
at  56°  modifies  the  curve  of  interfacial  tension  as  a  function  of  time  in  the 
direction  of  the  curve  of  normal  serum.  The  curve  of  serum  heated  at  56°  for 
ten  minutes  and  treated  in  this  manner  corresponds  to  a  static  tension  con¬ 
siderably  lower  than  that  of  serum  heated  at  56°  and  to  which  fresh  serum 
has  not  been  added  (see  Fig.  81).  The  addition  of  1  per  cent  of  normal 
serum  suffices  to  modify  the  curve  of  serum  at  56°  in  the  direction  indicated 
(see  Fig.  82). 

(5)  It  was  furthermore  observed  that  serum  heated  for  10  minutes  at 
57°  and  left  at  room  temperature  for  24  hours,  or  heated  in  an  incubator  for 
2\  hours  at  37°  is  modified  in  such  a  way  that  the  curve  expressing  the  lower- 


1  =  Serum  57° 

2=  "  »  +  1% 
fresh  serum 


Flg  ringer1  sdutinn1  °n  ^gamst  paraffin  °l]-  Guinea-pig  serum  diluted  to  ^0o  with 

the  phenomeMn  »ft  ,1  “up  a‘ 57  C-  Curve  N°2  express  the  behavior  of 
r  non  after  the  addition  of  1  per  cent  of  unheated  and  undiluted  Seram. 

which  if!?1  tfrn  r  a  fUnCtion  of  time  corresponds  to  a  static  tension 

se™  T"bks  m°re  d0Sely  the  of  -heated 

'  6 ,  g'  83)-  We  found  »  Paper  by  Gramenitzky*  which  describes 
the  same  phenomenon  as  far  as  the  complement  is  concerned  Under  the 

interfacia]  tension  The  fact  tw  W6re  ”easUred  at  a  lower 

tension  down  to  a  point  below  that  SC™m  ““  bring  the  int«-facial 

be  due  to  the  presence In noZ^tr,  ‘ tenSi°n  °f  heated  serum  may 

ha^v^ 
sentm  molecules  highly 

Giamonitzky,  M.,  Bioch.  Zeitschr.,  38,  501  (1912). 
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It  is  possible  to  get  an  idea  of  the  interfacial  tension  at  the  surface  of 
separation  between  red  blood  corpuscles  and  a  physiological  solution.  This 
tension  should  be  very  slight.  From  what  we  said  above  on  the  subject  of 
the  action  of  the  value  of  interfacial  tension,  the  presence  in  normal  serum 
of  complexes  of  this  kind  (lipo-proteins)  would  suffice  to  explain  the  hemo¬ 
lytic  function  in  normal  serum. 


Fig.  83.  Interfacial  tension  against  paraffin  oil.  Guinea-pig  serum  diluted  to  t£oo 
with  ringer  solution  heated  10  minutes  at  57°  C.  Curve  N  3  corresponds  to  a 
serum  which  was  kept  for  2i  days  in  the  incubator  at  37  C.  Curve  N  4  corre¬ 
sponds  to  the  same  serum  kept  for  6  hours  in  the  incubator  at  37  C. 

The  study  of  these  problems  has  only  just  begun,  and  if  these  methods 
are  systematically  employed  they  will  undoubtedly  give  interesting  results. 
By  their  use  it  is  possible,  as  the  reader  has  seen,  to  discover  new  relations 
and  unknown  phenomena  which  progressively  restrict  the  ground  which  will 
have  to  be  covered  before  a  complete  explanation  can  be  given  of  the 
physico-chemical  mechanisms  involved  in  all  immunological  reactions.  Due 
to  the  fact  that  they  were  not  employed  sooner,  many  years  have  been  lost 
during  which  we  contented  ourselves  with  verbal  entities,  the  greatest  fault 
of  which  was  not  that  they  were  hypothetical,  but  that,  by  their  apparent 
simplicity,  they  created  an  artificial  state  of  satisfaction,  put  cunosi  y  o 
sleep,  and  paralyzed  research. 


Chapter  12 


The  Ultraviolet  Absorption  of  Serum 
as  a  Function  of  Temperature 

A  pure  substance  is  generally  well  defined  by  its  absorption  spectrum. 
The  beautiful  experiments  of  Victor  Henri  and  his  collaborators1  showed  the 
important  conclusions  that  could  be  drawn  from  curves  plotted  as  a  function 
of  the  wave  length,  when  the  chemical  constitution  of  the  body  is  known. 
When  it  is  not  well  known,  or  not  known  at  all,  the  conclusions  are  far  from 
satisfactory.  In  that  case  one  must  be  content  with  the  accumulation  of 
data  which  can  perhaps  be  utilized  later.  This  is  the  case  with  blood-serum. 
Its  absorption  curve  has  already  been  established  by  different  authors,2 
but  they  did  not  push  the  matter  further.  In  order  to  simplify  the  problem 
they  generally  drew  the  absorption  curves  of  the  albumin  and  globulins 
separately.  This  did  not  contribute  to  clarify  the  question,  as  these 
separate  elements  are  not  much  better  known  structurally  than  the  hypo- 
thetrn  “serum .molecule”  as  a  whole.  Nowadays,  the  latter  is  sometimes 
called  a  protido-hpidic  complex/’  and  its  existence  is  beginning  to  be  ad¬ 
mitted  by  biochemists. 

Nevertheless,  we  thought  it  might  be  of  interest  to  make  a  series  of 
measurements  with  fresh,  normal  serum  and  serum  heated  at  temperatures 

Dortanf  h  ^  f°  ^  f°r  minutes’  to  ascertain  whether  the  im¬ 
portant  modifications  previously  pointed  out  and  starting  around  55°  did 

not  also  bring  about  variations  in  the  absorption  curve. 

Tv 

curve  represents  the  ratio  hP tw  ^  ^  °ther  W°rds’  each  poinfc  on  the 

absorption  of  the  pure  solvent  «n  our  caJ/waTerf  h*  S°luti°n, and  the 
radiation.  ’  aici)  a  monochromatic 

,  UT  thrve  the  Hght  iS  dispersed  b>’  ““““  of  a  prism  or  grating 

c, 2  “r  Reo,psThJrif8  aws2)Gastthirvniare'  »«»• 

Chem.,  66,  819  (1925);  Smith,  F.  C,  Proi.  floj  S/ “f  R^ard,  J.  Biol. 
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after  it  has  passed  through  the  solution,  or  through  the  solvent.  The  two 
spectra  are  then  photographed  side  by  side  and  their  degree  of  blackening 
for  the  same  wave  length  is  compared.  Several  methods  exist  by  which  the 
optical  density  of  the  solution  with  respect  to  that  of  the  solvent  can  be 
practically  estimated.  That  which  gave  us  the  easiest  and  best  results  con¬ 
sists  in  interposing  the  solvent  (water)  and  the  solution  (serum)  successively 
on  the  light  path.  The  thickness  is  varied  but  is  always  identical  for  the  solu¬ 
tion  and  the  solvent,  and  only  the  time  of  exposure  differs.  For  instance,  in 
order  to  obtain  the  spectrum  of  the  solvent,  the  time  of  exposure,  no  matter 
what  the  thickness  of  the  liquid,  will  be  five  seconds,  whereas  to  obtain  the 
spectrum  of  the  solution  studied,  the  time  of  exposure  will  vary  between  six 
and  thirty  seconds.  This  method  was  advocated  by  Victor  Henri  and  Wurm- 
ser  in  1919.  On  account  of  the  phenomena  which  take  place  in  the  photo¬ 
graphic  emulsion  it  is  advisable  not  to  go  beyond  the  ratio  6  or  7  for  the 
times  of  exposure.  When  this  time  is  insufficient  because  of  the  strong  ab¬ 
sorption  of  the  solvent  for  certain  radiations,  it  is  preferable  to  decrease  the 
thickness  of  the  liquids  in  the  same  proportion,  so  that  the  ratio  of  the  times 
of  exposure  should  remain  less  than  7. 

Assuming  that,  within  the  limits  of  the  time  exposures  employed,  the  law 
of  Schwarzschild  is  verified,  namely  that 


T  =  (? )” 


(n  being  an  exponent  which  varies,  according  to  the  photographic  emulsion, 
between  0.9  and  1.0),  one  can  write: 

T 

&  =  n  log  — 

8  representing  the  optical  density  of  the  absorbent  for  the  radiation  con¬ 
sidered.  .  . 

Without  changing  the  shape  of  the  curve  which  represents  the  variation 

of  8  as  a  function  of  the  wave  length  A,  or  the  position  of  the  absorption 
bands,  it  is  permissible  to  assume  that  n  =  l.3  By  making  t  constantly  equal 
to  5  seconds,  the  following  simple  formula  is  obtained: 

5  =  logg- 

3  indeed  the  photographic  emulsion  of  our  plates  receives  on  one  hand  a  mono¬ 
chromatic  light  Eo,  which  reacts  on  it  during  a  time  t  and  on  the  other  hand,  a  light 

the  same  nature,  E ,  which  reacts  on  it  during  a  time  I .  Q  .  t 

It  is  assumed  that  the  two  impressions  produce  the  same  blackening.  Sc 

schild’s  law  is  expressed  by  the  relation : 

En  (T  \» 

Er  =  ETn  or  =  (j  J 

the  exponent  n,  varying,  according  to  the  emulsions,  from  0.9  to  1  in  most  cases. 
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This  formula  was  used  to  establish  the  curves  found  in  the  present  chap¬ 
ter.  Therefore,  in  a  general  case,  and  for  luminous  fluxes  F0  and  F : 


or,  when  using  the  logarithms  and  supposing  t  constant  and  equal  to  5  sec¬ 
onds,  the  optical  density  is  equal  to 


.  i  F  °  ,  T 

8  =  log  -j  =  n  log  — 


Therefore,  it  is  necessary  to  take  into  account  the  exponent  n,  if  one 


wishes  to  determine  the  absolute  values  of  the  optical  densities.  But  if,  as  in 


our  case,  one  proposes  to  determine  only  the  shape  of  the  absorption  curve, 
that  is,  the  variation  of  8  as  a  function  of  the  wave  length  A,  it  is  no  longer 
necessary  to  know  the  value  of  n.  This  value  must  be  assumed  to  be  inde¬ 
pendent  of  A. 

Indeed,  a  change  in  the  value  of  n  is  equivalent  to  multiplying  the 
ordinates  8  of  the  absorption  curve  by  the  same  factor  or  to  changing  the 
scale  of  ordinates,  which  evidently  does  not  modify  the  shape  of  the  curve 
or  the  place  of  the  maxima  and  minima. 

As  it  has  been  decided  not  to  use  a  ratio  of  time  exposures  higher  than 


6  (i.e.,  to  limit  the  exposure  of  the  serum  to  thirty  seconds) ,  log  —  or  8  will 
,  5 


always  be  less  than  0.77.  As  the  densities  are  proportional  to  the  thick¬ 
nesses,  the  thickness  of  the  liquid  has  only  to  be  decreased  in  order  to 
measure  higher  densities.  If  it  is  decreased  bv  half,  for  ™nlP  th*  woi„o 


If  n  -  1,  the  reciprocity  law  is  said  to  be  valid;  we  then  have: 


E  o  T 
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firm  were  extremely  accurate  and  practical  and  it  was  possible  to  vary  the 
thickness  of  the  liquid  through  which  the  light  passed,  from  0  to  10  mm,  by 
0.01  mm  by  means  of  a  large  graduated  drum.  We  employed  ordinary,  fine- 
grain  photographic  plates  (Lumiere,  Jougla,  Guilleminot)  9  x  24  cm,  on 
which  22  spectra  could  be  recorded. 

The  weak  point  of  these  methods  is  always  the  difficulty  in  determining 
the  equality  of  the  blackening  on  the  plates  when  this  is  done  by  the  eye 
alone,  without  the  help  of  an  optical  set-up,  or  of  an  electrical  recording 
instrument.  We  therefore  used  the  Jobin  &  Yvon  E quidensimeter  which 
afforded  the  utmost  precision  possible.  This  apparatus  explores  the  two  con¬ 
tiguous  spectra  with  two  thin  and  identical  luminous  beams,  the  dimensions 
and  intensity  of  which  can  be  regulated.  After  passing  through  the  photo¬ 
graphic  plate,  these  beams  are  caught  by  an  optical  system,  and  amplified 
in  size  so  that  the  two  large  luminous  and  contiguous  half-fields  thus  formed 
can  be  easily  compared.  When  an  identity  has  been  found,  the  wave 
length,  which  has  been  directly  photographed  on  the  plate,  can  be  observed 
through  another  ocular  piece.  The  plate  is  carried  on  a  sliding  carriage, 
which  is  moved  longitudinally  by  means  of  a  micrometric  screw;  and  as  the 
two  telescopes  are  also  carried  on  a  sliding  carriage,  which  can  be  moved 
perpendicularly  to  the  sliding  frame  supporting  the  plate,  it  is  possible  to 
explore  the  whole  plate  with  great  facility  and  precision.  Under  these  con¬ 
ditions  the  position  of  the  region  of  equal  blackening  can  be  determined  and 
expressed  in  wave  lengths  to  within  ±0.001^,  or  10  Angstroms. 

Technique 

After  having  tried  many  other  luminous  sources  we  finally  adopted  the 
Chalonge  hydrogen  lamp  built  by  S.C.A.D.  working  under  2000  volts,  sup¬ 
plied  by  a  transformer.  This  lamp  gives  an  absolutely  continuous  spectrum 
in  the  ultraviolet,  up  to  2,200  A.  All  the  curves  published  in  this  chapter 
were  obtained  with  this  source.  Experiments  showed  that  the  region  which 
interested  us  could  be  investigated  only  when  the  thickness  of  the  liquid  was 
not  more  than  0.40  mm  and  preferably  between  0.20  and  0.05  mm.  The 
cell  containing  water  was,  therefore,  first  exposed  under  a  thickness  of 
0.20  mm,  for  instance.  As  mentioned  above,  the  time  of  exposure  for  water 
was  always  five  seconds  unless  otherwise  stated.  It  was  possible  to  obtain 
the  two  spectra,  that  of  water  and  that  of  serum,  rigorously  juxtaposed  by 
means  of  a  mobile  screen.  The  cell  containing  the  same  thickness  of  serum 
was  then  put  in  place  and  exposed  for  six  or  seven  seconds. 

We  quickly  found  that  the  most  important  source  of  imprecision  was  the 
time  of  exposure.  When  the  exposure  was  regulated  by  hand  and  the  time 
measured  by  means  of  a  stop-watch  giving  the  fiftieth  of  a  second  the 
errors  frequently  attained  l/10th  of  a  second.  This  was  not  acceptable. 
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The  points  obtained  were  distributed  on  either  side  of  the  absorption  curve 
and  it  was  impossible  to  obtain  greater  precision.  What  is  more,  the  experi¬ 
ments  were  extremely  tiring  because  of  the  sustained  attention  they  required. 

It  was,  therefore,  necessary  to  construct  an  apparatus  which  would  give 
the  time  of  exposure  automatically  from  1  to  30  seconds  within  l/50th  of  a 
second,  at  least.  The  metronome  was  naturally  eliminated  as  it  was  not 
sufficiently  accurate.  In  order  to  avoid  the  influence  of  the  temperature  of 
the  body  of  the  operator,  of  the  vibrations  of  the  floor,  of  dust,  etc.,  we 
resorted  to  an  electrically  driven  pendulum,  the  oscillations  of  which  were 
controlled  by  an  electric  clock  fed  by  a  single  cell  and  placed,  at  a  distance, 
on  a  solid,  vibration-free  wall.  We  did  not  use  a  synchronous  motor  con¬ 
nected  to  the  alternating  current,  as  the  tolerated  fluctuations  of  the  order 
of  1  to  2  per  cent  in  the  periods  were  too  great.  The  “Magneta”  clock  which 
we  employed  gave  us  complete  satisfaction.  When  the  room  temperature 
was  constant  within  1  degree  ( ±  0.5)  the  differences  during  an  experiment 
lasting  one  hour  did  not  exceed  l/100th  of  a  second,  on  the  average. 

The  synchronized  pendulum  was  arranged  in  such  a  way  that  the  time  of 
exposure  could  be  varied  from  1  to  30  seconds  by  simply  moving  an  index  on 
the  dial.  It  controlled  electrically,  by  means  of  a  relay,  an  electromagnetic 
shutter  placed  in  front  of  the  slit.  The  first  series  of  experiments  made  with 
this  set-up  showed  that  all  the  experimental  points  were  on  the  curve. 

Thanks  to  this  arrangement  it  was  possible  to  photograph  18,000  spectra  in 
the  ultraviolet.4 


Calculation  of  Densities  and  Plotting  of  the  Absorption  Curves 

This  method  enables  one  to  determine  in  advance  the  times  of  exposure 
necessary  to  obtain  the  desired  point  of  the  ordinates.  Let  us  suppose  that, 
to  begin  with  we  obtained  experimentally  and  by  proceeding  tentatively, 
2  470  P°ln‘s  of  e(l“l  dens!ty  at  the  wave  lengths:  A  =  2,900,  2,530  and 

’ ™  :  ,Tlle,  tha‘  there  are  thr<*  equalities  in  these  two  contiguous 

pectra  indicates  that  the  curve  must  have  a  maximum  and  a  minimuiT If 

this  result  has  been  obtained  with  a  thickness  of  0.2  mm  and  exposures  of 

secon  s  or  water  and  26  seconds  for  serum,  the  density  8,  which  must  be 

plotted  as  ordinates,  will  be  equal  to  log  L  (where  t  indicates  the  constant 

time  ofexposure  of  water-5  seconds-and  T  the  time  of  exposure  of  serum) 

or  log  —  =  0.716.  These  points  are  plotted  on  a  millimeter  paper  on  which 

instance.6  “pottTn'th^66"  2f°  “nd  3-°°°  A'  for 

If  our  scale  of  ordinates  covers  the  range  hornTto  2  oTu]"''.  be'°W  0'716' 
‘Lccomte  du  N„fly,  P.  and  M  ^ ^  “  ™„y 
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sufficient,  (8  —  2.0,  indicating  an  absorption  100  times  greater  than  that  of  the 
liquid  of  comparison)  we  must  first  find  the  points  around  8  =  0.1;  0.5;  1.0; 

1.5;  2.0,  for  instance.  As  we  are  limited  by  the  ratio  — ,  which  cannot  be 

more  than  6  for  the  reasons  given  above,  we  shall  be  obliged  to  vary  the 


Table  29.  1o  Be  Used  for  Calculation  of  the  Absorption  Curve  in  the  Ultraviolet  when 

Using  the  Method  of  Variable  Time  Exposures. 


Time  Exposure 
of  Serum 
(seconds) 

5  =  Log 

T  0.2 
-  X  — 

5  e 

Thickness 

0.4  mm 

Thickness 

0.2  mm 

Thickness 

0.1  mm 

Thickness 

0.05  mm 

5 

6 

0.0395 

0.079 

7 

0.058 

0.114 

8 

0.102 

0.204 

9 

0.127 

0.225 

10 

0.150 

0.301 

11 

0.171 

0.342 

12 

0.190 

0.380 

0.760 

13 

0.207 

0.414 

0.828 

1.656 

14 

0.223 

0.447 

0.894 

1.788 

15 

0.232 

0.477 

0.954 

1.908 

16 

0.252 

0.505 

1.010 

2.020 

17 

0.265 

0.531 

1.062 

18 

0.278 

0.556 

1.102 

19 

0.289 

0.579 

1.158 

20 

0.301 

0.602 

1.204 

21 

0.623 

1.246 

22 

0.643 

1.286 

23 

0.662 

1.324 

24 

0.681 

1.362 

25 

0.698 

1.396 

26 

0.716 

1.432 

27 

0.723 

1.446 

28 

0.748 

1.496 

29 

0.763 

1.526 

30 

0.778 

1.556 

35 

0.845 

40 

0.903 

41 

0.916 

42 

0.925 

thickness  of  the  liquid.  (Indeed,  our  points  at  8  =  0.716  correspond  to  log 
and  we  can  hardly  increase  T) .  So  as  to  save  time,  we  established  a  table 

with  two  entries  giving  the  times  of  exposures  as  ordinates  from  5  seconds 
to  42  seconds  and  in  four  vertical  columns,  each  corresponding  to  a  given 

thickness  (for  instance:  0.4;  0.2;  0.1  and  0.05  mm),  the  values  of  log  -. 
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Fig.  85.  Absorption  curve  of  horse  serum  unheated  and  heated  at  65°  C.  for  10 
minutes. 

These  values  vary  between  0.0395,  (column  0.4  mm,  T  =  six  seconds)  and 
2.020,  (column  0.5  mm,  T  =  sixteen  seconds).  This  table  is  easy  to  estabhs 
if  one  chooses  thickness  with  a  ratio  of  1/2,  as  we  have  done.  (Table  ) . 
It  can  be  seen  that  for  the  same  time  of  exposure  a  thickness  which  has 
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^tWckTesIeofT2mP°ndSHt0  “.density  two  times  lower.  For  instance,  if  for 

-  ■  ram  and  a  time  of  exposure  of  eighteen  seconds,  8  =  0.556, 

\g  5  J,  by  reducing  the  thickness  to  0.1,  8  =  2x0.556  =  1.102. 
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Under  these  conditions  any  values  of  8,  if  they  exist,  can  easily  be  ob¬ 
tained,  and  the  most  important  times  of  exposure  can  be  decided  on  in  ad¬ 
vance.  Supplementary  spectra  can  always  be  made  in  the  spectral  region 
which  needs  further  investigation. 


Fig.  87.  Same  curve  but  obtained  with  chicken  serum  (Class  of  Birds).  A  difference 
in  amplitude  is  always  observed  between  the  Class  of  Mammals  and  the  C  ass  o 
Birds.  The  dotted  curve  corresponds  to  the  serum  heated  at  65°  C. 

Results 

We  shall  publish  only  a  few  absorption  curves.  The  results  can  be  re¬ 
capitulated  in  the  following  manner  and  are  illustrated  by  Figures  84  to  88. 

(1)  Normal  mammal  serum  gives  a  characteristic  curve  in  the  ultra¬ 
violet  showing  a  maximum  and  a  minimum,  the  position  of  which  is  remar  c- 
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ably  constant  within  ±  5  A.  The  density  begins  to  increase  very  rapidly 
around  3,000  A.  The  maximum  is  at  2,764  A.  ±  5  A. 

The  curve  reaches  its  minimum  at  2,495  A  ±  5  A,  and  goes  up  almost  ver¬ 
tically.  The  density  is  considerable  at  2,400  A  and  still  increases  below 
2,300  A. 


^  Fr°6  <C!aES  of  Reetiles  and  Cta*  of  Batm- 
,,  '  s  1S  tbe  case  t°r  the  serum  of  birds,  these  curves  are  much  flatter  than 

those  corresponding  to  the  Class  of  Mammals. 


2.  For  10  minutes  heating,0  we  studied  successively: 

(a)  The  wave  length  of  the  minimum,  which  does  not  vary  by  an  amount 

no?  eeach  65*  T'TT  ( "  5  A)  “  '°ng  «  th*  ‘™ture  does 
not  reach  65  ,  when  it  is  displaced  toward  the  visible. 

preceding  worMleToregoLg0 chapters)6  tha^  i^waf  bejLause  we  had  observed  in  all  our 
the  quantitative  phenomena  which  we  wanted  to  ,fU  c  early  put  in  evidence 

in  ultraviolet  absorption,  therefore  depended  on  tl/'  Th.®  mterest  of  the  experiments 
observed  phenomena  under  identical  condition  Possible  correlatlon  between  the 

established  before.  It  was not  so had  beeD 
sequence  of  heating  as  of  finding  the  modifWin  differing  as  a  con- 

curve  by  the  same  treatment  which  had  brought  nhJf,  abou)t  in  the  absorption 

phenomena  studied  up  till  then.  g  dbout  definite  modifications  in  the  ten 


174 


STUDIES  IN  BIOPHYSICS 

(b)  The  wave  length  of  the  maximum,  which  at  all  temperatures  oscil¬ 
lates  around  its  mean  position  without  being  systematically  displaced. 

<°>  The  °Ptical  density  of  the  minimum,  which  generally  decreases  at 
56  and  64°,  and  increases  at  65°. 

(d)  The  optical  density  of  the  maximum,  which  generally  decreases  at 
56°  and  64°,  and  increases  at  65°. 

(e)  The  amplitude,  namely,  the  distance  between  the  density  of  the 
minimum  and  the  density  of  the  maximum,  generally  decreases  at  all  tem¬ 
peratures,  but  sometimes  increases  at  60°. 

The  phenomena  which  characterize  most  clearly  a  serum  heated  for  ten 
minutes  are  then: 

At  56° :  The  stability  of  the  wave  length  of  the  minimum  and  maximum. 
The  decrease  of  the  density  of  the  minimum  (70  per  cent  of  the  cases),  the 
tendency  toward  a  decrease  in  the  density  of  the  maximum  (67  per  cent  of 
the  cases) . 

At  60° :  The  stability  of  the  wave  length  of  the  minimum  and  maximum. 

At  64°:  The  stability  of  the  wave  length  of  the  minimum.  The  maximum 
oscillates.  The  decrease  of  the  density  of  the  minimum  and  of  the  maximum 
(71  per  cent  of  the  cases).  The  decrease  of  the  amplitude  in  86  per  cent  of 
the  cases. 

At  65°:  The  displacement  of  the  wave  length  of  the  minimum  toward 
the  visible  in  79  per  cent  of  the  cases  (mean  value:  11.5  A).  The  mean 
stability  of  the  maximum  (oscillations).  The  increase  of  the  density  of  the 
minimum  (93  per  cent  of  the  cases)  and  of  the  maximum  (79  per  cent  of  the 
cases) . 

At  66°:  Same  characteristics  as  at  65°,  but  more  marked. 

Thus,  for  the  first  time  we  have  a  clear  indication  of  the  qualitatively 
different  and  deeper  perturbation  which  characterizes  heating  at  65°,  and 
which  results  in  the  so-called  “destruction  of  the  sensitizer.”  This  phe¬ 
nomenon  is  very  different  from  that  which  takes  place  at  56°  and  reaches 
the  chromophoric  groups  of  the  molecule. 

Analogous  results  have  been  obtained  not  only  with  the  serum  of  mam¬ 
mals,  but  with  that  of  birds  (hens  and  cocks).  They  are  much  less  clear 
in  the  case  of  reptiles  (vipers)  and  batrachians.  These  experiments  gave 
us  the  opportunity  to  observe  that  the  amplitude  of  the  curve  in  ^  which 
characterizes  serum  is  always  smaller  in  the  case  of  birds  than  in  the  case  of 
mammals.0  The  differences  between  the  classes  is  less  marked,  from  the 
point  of  view  of  the  amplitude  of  the  curve,  between  the  birds,  the  reptiles 
and  the  batrachians.  It  will  be  observed  that  a  large  number  of  experimental 
points  were  determined  for  each  curve. 

6  Lecomte  du  Nouy,  P.  and  M.,  Compt.  Rend.  Soc.  Biol.,  116,  30S  (1934). 
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Differences  between  Serum  and  Plasma.  In  the  course  of  these  ex- 
periments  we  were  able  to  establish  the  fact  that  there  ware  no  appreciable 
differences  between  the  absorption  curve  of  serum  and  that  of  the  corre¬ 
sponding  plasma,  as  far  as  the  place  of  the  minimum  and  of  the  maximum 
is  concerned.  Indeed  the  mean  of  C  experiments  gives: 


Mean  value  of  the  place  of  the  minimum: 
Difference  ( d )  less  than  experimental  error. 

Mean  value  of  the  place  of  the  maximum: 
Difference  ( d )  less  than  experimental  error. 


Serum:  2495.83  A 

d  =  0.67 

Plasma:  2495.16  A 
Serum:  2764  A 

d  =  2 

Plasma:  2762  A 


For  the  density  of  the  minimum  wre  obtained  (mean  of  6  experiments): 

Serum:  8  =  0.741 

d  =  0.062 

Plasma:  5  =  0.803 


and  for  the  density  of  the  maximum,  the  same  value  8  =  0.710  for  both  the 
serum  and  the  plasma. 

Effect  of  Age  on  Serum.  Fig.  89  shows  that  in  60  days  the  aspect  of 
the  absorption  curve  does  not  vary  systematically.  These  curves  represent 
the  mean  of  6  experiments.  The  curves  representing  the  individual  experi¬ 
ments  show  considerable  differences,  sometimes  in  one  direction,  sometimes 
in  the  other. 

Absorption  Curve  of  Serum  Which  Has  Been  Desiccated  and  Re¬ 
dissolved.  The  only  marked  difference  observed  wras  a  displacement  of  the 
minimum,  in  all  cases,  toward  the  visible  region  of  the  spectrum,  which  could 
be  as  high  as  50  A.  The  mean  of  6  experiments  gives: 


Place  of  the  minimum: 


Fresh  serum:  2496  A 

d  =  28 

Desiccated  serum  redissolved:  2524  A 


On  the  other  hand,  the  maximum  is  much  more  stable,  that  is  to  say,  the 
fluctuations  take  place  in  any  direction  and  are  always  smaller  than  those 


of  the  minimum. 

Place  of  the  maximum : 


Fresh  serum : 

Desiccated  serum  redissolved : 


2765  A 

d  =  2 

2767  A 


It  must  be  admitted  that,  of  all  the  phenomena  described  and  which 
characterize  the  critical  temperature  of  serum,  these  last  are  the  only  ones 
which  are  not  constant  in  all  cases.  For  profound  reasons  which  we  do  not 
know,  and  which  depend  on  the  intimate  structure  of  the  protico-  ipi  1C 
molecules,  it  sometimes  happens,  as  we  have  already  pointed  out  that  certain 
sera  behave  differently.  Nevertheless,  a  certain  number  of  facts  have  been 
clearly  demonstrated.  In  particular,  the  displacement  of  the  minimum 
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toward  the  visible  (in  79  per  cent  of  the  cases)  at  65°,  and  only  at  that  tem¬ 
perature,  and  the  increase  of  the  density  of  the  minimum  (93  per  cent  of 
the  cases)  and  of  the  maximum  (79  per  cent  of  cases).  This  fact  alone  is 
important,  for  it  indicates  the  existence  of  a  specific  difference  in  the  be¬ 
havior  of  serum  heated  below  65°  and  at  that  temperature. 

It  is,  moreover,  possible  that  these  phenomena  were  not  observed  in  100 
per  cent  of  the  cases  only  on  account  of  the  brevity  of  the  time  of  heating. 
But  we  have  not  checked  this  experimentally. 


All  the  foregoing  observations  lead  to  the  conclusion  that  everything 
happens  as  if  the  destruction  of  the  activity  of  the  complement  was  correla¬ 
tive  to  the  intramolecular  hydration  which  seems  to  be  at  the  base  of  all  the 
phenomena  revealed  by  the  experiments  described  in  this  work.  The  alexinic 
activity  can  therefore  be  considered  in  first  analysis,  either  as  a  structural 
property  of  some  of  the  outside  chemical  groups  which  are  displaced  by  the 
penetration  of  the  water  molecules,  or  else  as  a  chemical  property  destroyed 
by  the  fixation  of  wTater  on  the  carbonyl  groups,  for  instance. 

On  the  contrary,  the  specificity  of  group  or  of  type  is  a  more  deep-rooted 
property  which  can  be  altered  only  by  a  greater  kinetic  energy  of  the  water 
molecules,  and  which  manifests  itself  by  a  slight  shift  of  the  absorption 
minimum  (from  2,495  to  2,506  A  on  the  average)  and  by  a  displacement  of 
the  absorption  curve  as  a  whole,  with  respect  to  the  ordinates,  toward  higher 
optical  densities.  In  our  actual  state  of  ignorance  it  is  impossible  to  evolve 
a  clear  idea  of  these  phenomena  as  far  as  the  protein  molecules  are  concerned 
The  key  to  the  problem  of  the  defense  of  the  organism  against  infectious 

diseases  and  of  the  problem  of  sensibilization  unfortunately  lies  in  the  stereo¬ 
chemistry  of  proteins. 


his  report  of  a  few  results  obtained  by  a  science  which  is  still  in  its 
infancy  suffices  to  show  that  even  if  the  benefits  are  not  considerable  as  yet 

nevertheless,  no  other  discipline  had  been  able  to  obtain  them.  And  this  in 
itself  is  encouraging. 

i7ortant-and  we  wish  to  emphasize  this  point  par- 

e£t 

physical  method.  The  same  ks  true  o^oth^110^  ^  °f  a  pUrdy 

methods.  That  is  why  we  have  insisfpH  physical  and  Physico-chemical 
-  on  the  chemicafn^ 
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established  that  certain  physical  actions,  adsorption,  for  instance,  play  a 
part  in  the  reactions  of  immunity.  But  adsorbing  power,  selective  adsorp¬ 
tion,  and  interfacial  adsorption  are  in  the  end  determined  by  molecular 
structure,  and  it  seems  to  us  that  an  arbitrary  distinction  between  two 
classes  of  phenomena  which  are  basically  the  same  is  more  likely  to  impede 
than  to  foster  progress,  especially  when  wre  reach  the  badly  defined  and 
artificial  boundaries  between  the  sciences. 

If  one  is  thoroughly  convinced  of  this  and  of  the  fact  that  carefully  ob¬ 
served  facts  and  their  quantitative  relation  have  an  unquestionable  value, 
then  there  is  no  reason  for  not  resorting  to  theories  and  hypotheses,  no  matter 
how  daring.  They  constitute  an  essential  tool  which  becomes  dangerous 
only  if  one  gets  so  attached  to  it  that  one  hesitates  to  replace  it  by  another, 
when  it  is  no  longer  in  accord  with  the  facts. 


Conclusion 


Irrespective  of  any  hypothesis,  it  should  be  possible  to  draw  some  con¬ 
clusions  concerning  the  alexinic  activity  by  taking  into  account  only 
the  experimental  facts  expounded  in  this  book.  These  conclusions  cannot  as 
yet  supply  exact  data  on  the  chemical  nature  of  the  elements  on  which  the 
alexinic  power  depends.  Nevertheless,  they  enable  one  to  conceive  this 
property  as  belonging  to  the  protido-lipoidic  complexes,  which  are  molec- 
ularly  dispersed  and  which  constitute  the  serum,  and  not  to  a  separate  body. 
These  molecules  are  made  up  of  elements  easily  separable,  such  as  albumin, 
globulins,  lipoids,  etc.  These  components  are  cleavable  along  surfaces 
which  are  not  necessarily  planes  but  probably  undevelopable  surfaces. 

We  have  called  attention  to  twelve  distinct  phenomena,  namely: 

(1)  Increase  of  viscosity; 

(2)  Increase  of  the  rotatory  power; 

(3)  Increase  of  the  rotatory  dispersion; 

(4)  Increase  of  the  absorption  of  light; 

(5)  Increase  of  the  scattering  of  light; 

(6)  Increase  of  the  depolarization  factor; 

(7)  Increase  of  electric  resistivity; 

(8)  Increase  of  the  concentration  in  hydrogen  ions; 

(9)  Decrease  of  the  power  of  fixation  of  ether; 

(10)  Modification  of  the  stability  and  of  the  sedimentation  of  the  globulins; 

(11)  Modification  of  the  interfacial  tension; 

(12)  Modification  of  the  absorption  curve  in  the  ultraviolet. 

Ten  of  these  phenomena  begin  around  56°  when  the  serum  has  been 
heated  for  about  10  minutes  in  a  sealed  vessel.  In  undiluted  serum,  the 
increase  of  the  concentration  of  hydrogen  ions  generally  starts  around  60° 
and  the  modifications  in  the  absorption  curve  are  clear  only  at  65°  and  do 
not  characterize  the  “destruction  of  alexin.” 


ere  are,  therefore,  profound  modifications  in  the  structure  of  the  pro- 
terns  and  of  the  lipo-protidic  complex  around  55°-56°.  These  modifications 
are  now  a  little  better  known  by  their  influence  on  ten  of  the  twelve  proper- 
les  winch  have  been  studied.  On  the  other  hand,  we  know  that  this  same 
temperature  brings  about  the  destruction  of  a  particular  property  of  serum 
nown  as  alexin.  It  is,  therefore,  logical  to  admit  that  the  disappearance  of 
this  property  is  related  to  the  structural  and  chemical  modifications  deter- 


179 


180 


STUDIES  IN  BIOPHYSICS 


mined  by  heat  in  the  serum  molecule  as  a  whole.  The  definitive  solution 
will  depend  on  the  progress  made  in  the  chemistry  of  proteins  and  of  the 
protidic  complexes. 

The  hypothesis  of  an  intra-molecular  hydration,  which  we  proposed, 
received  an  unforeseen  confirmation  by  the  experiments  of  Macheboeuf  and 
Basset,  wdio  obtained  the  coagulation  of  serum  at  room  temperature  by 
pressure  (11,000  to  13,000  atmospheres).  By  the  ultra-pressure  method, 
these  authors  arrived  at  the  same  conclusion  as  we  concerning  the  existence 
in  the  serum  of  a  predominant  quantity  of  “serum  molecules”  possessing 
particular  immunological  properties,  which  are  irremediably  destroyed  if 
the  albumin  is  separated  from  the  globulins. 

It  is  through  the  systematic  study  of  this  large,  complex  molecule  and  of 
the  globulin  fraction  of  the  serum  that  the  solution  of  all  immunological 
problems  will  be  found. 
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